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Abstract 
Insulation materials are widespread in the modern built environment. They have, particularly 
in recent years, been a major focus of fire safety research. That focus has been enhanced by 
the tragic Grenfell Tower Fire that resulted in the death of 72 people. This work aims to 
understand and quantitatively assess the fire hazards presented by modern insulation 
materials. 
14 materials were selected for analysis, including 7 PIR foams, 4 phenolic foams and 3 mineral 
wool materials. These materials were tested for their elemental composition, fire toxicity, and 
reaction-to-fire properties. The data generated was then used to calculate the maximum safe 
loadings of the insulation materials. The methodology had originally only been used with 
estimated values based on Euroclass data. In order to practically apply the method, the cone 
calorimeter was used to generate the mass loss per unit area data, rather than SBI test data or 
estimated values. Fire toxicity data was generated using the ISO/TS 19700 Steady State Tube 
Furnace. Additional maximum safe loading values were calculated using material-IC50 values, 
as incapacitation is arguably a more important end point in fire toxicity assessment. The 
maximum safe loading values calculated were comparable to the estimated values outlined in 
the original methodology. This methodology could be used to provide quick estimations of the 
safe loading of insulation materials in construction, allowing for informed decision making in 
building design without an overwhelming amount of data for non-fire experts to consider.  
The results of this work demonstrate significant differences between the 3 types of insulation 
material. The mineral wool materials (both glass wool and stone wool) were of low toxicity and 
flammability. The foam insulation materials (PIR and phenolic) produced high yields of toxic 
gases in under-ventilated conditions, and had relatively high flammability. The PIR foams, in 
particular, had the highest toxicity due to the high yields of HCN produced during under-
ventilated flaming, which has been linked to their nitrogen content and chemical composition. 
The phenolic foams lacked the high yields of HCN due to their low nitrogen content, but still 
produced high quantities of asphyxiating CO, like the PIR foams. Both types of foam insulation 
also produced hydrogen chloride gas during combustion, which would have a strongly irritating 
effect on exposed persons, potentially hindering their escape. FED analysis has demonstrated 
that the PIR foams increased toxicity is largely the result of the high toxicity of HCN. 1 kg of any 
of the 7 PIR samples burning in under-ventilated conditions is capable of producing enough 
HCN to create a lethal atmosphere in 50 m3. The maximum safe loading values calculated 
showed that, on average, phenolic foams present ~50 to 100x higher fire hazard than the 
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mineral wool materials, and the average PIR foam presented a potential fire hazard ~1.5 to 
2.5x higher than the average phenolic foam.  
Additional work was performed to optimise a method for the quantification of HCN in fires – 
the chloramine-T/isonicotinic acid method from ISO 19701. HCN is a highly toxic product of the 
combustion of nitrogen containing materials. As such, it was important to ensure sampling and 
analysis was both accurate and reliable. Analysis was performed to understand sample and 
standard stability, optimal time to analysis, analytical variation, and potential interferences as 
a result of commonly encountered acid gases in fire effluent.  
The cone calorimeter and SBI apparatus were also assessed for their viability in fire toxicity 
assessment, potentially negating the need to use the ISO/TS 19700 Steady State Tube Furnace. 
However, the resulting data demonstrated that both tests are inadequate due to their inability 
to recreate the more toxic fire condition – under-ventilated burning. This emphasises the need 
for dedicated fire toxicity tests, as most fire tests are well-ventilated reaction-to-fire tests, 
despite the fact that fire toxicity results in at least 50% of UK fire deaths.  
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Chapter 1 
1.0 Introduction to the project 
Insulation materials are ubiquitous in the modern built environment. The rising demand for, 
and importance of, energy conservation, combined with increasing energy costs has resulted 
in a flourishing industry that is expected to continue to grow each year. The global insulation 
market was estimated to be valued at USD 52.30 billion in 20171. A broad range of insulation 
materials are commonly available ranging from combustible insulation such as polystyrene, 
polyurethane and phenolic based foams, to non-combustible products such as glass and stone 
wool. As a result of their widespread usage, insulation materials have become a focus of 
research and government regulation for their potential fire hazards.   
At the time of writing, the fire hazards of insulation materials are very much in the public mind 
as a result of the Grenfell Tower fire. 72 people were killed and a further 74 were hospitalised, 
with an on-going inquiry “to establish the facts of what happened at Grenfell Tower in order to 
take the necessary action to prevent a similar tragedy from happening again”2.  
1.0.1 Aim of the Project 
The ultimate aim of this project is to quantify the fire hazards of insulation materials.  
1.0.2 Objectives 
In order to achieve the aim of the project, a number of key objectives were outlined: 
• Relate the factors leading to the high fire toxicity of polyurethane foams to their 
chemical composition. 
• Determine the acute toxicants evolved from a range of insulation materials under 
different fire conditions in the steady state tube furnace (SSTF).  
• Develop the methodology for estimation of fire hazard from burning insulation 
materials based on a combination of fire toxicity data and reaction to fire data.  
• Develop and improve methods for the quantification of toxic products from burning 
insulation materials. 
• Support the development of the SSTF as a standard method for the assessment of 
toxic products released by burning insulation.  
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1.0.3 Layout of the Thesis 
This work follows the traditional format of a scientific thesis. Chapter 1 is an introduction to 
the project followed by an introduction to the subject of fire science. It covers reaction-to-fire 
and its assessment, followed by fire toxicity and its assessment. Finally, insulation materials 
are introduced in terms of their usage, chemistry and fire toxicity. Chapter 2 includes a 
description of the samples selected for this work, followed by descriptions of the experimental 
methods used during the analysis of the samples.  
Chapter 3 contains the results of this work and a discussion of those results. In order to 
improve the readability of the results, some data has been moved from chapter 3 to the 
appendix. Appendix A contains the output reports of the SBI testing in accordance with EN 
13823. Appendix B contains the outputs of the steady state tube furnace testing, including 
equivalence ratios and yields for each material tested in 3 different fire conditions.  
Chapter 4 contains the conclusions of this work alongside suggestions of future work that 
could be used to further develop the outcomes of this thesis.  
In addition to the work included in the main text of this thesis, appendix C contains the 
collected publications that were released throughout the duration of the work. This includes 
directly relevant publications, such as the review of polyurethane fire toxicity, and publications 
that are not directly relevant to the thesis, including a publication assessing the flammability 
and fire toxicity of upholstered furniture.  
 
  
3 
 
1.1 Introduction to the Subject 
Fires are a costly threat to both life and property. For decades, government and building 
regulators worldwide have attempted to prevent deaths from fire. As a result of the Great Fire 
of London in 1666, the UK Government brought in the first building regulations relating to fire 
which have evolved over the last 350 years.   
In the late 1950s, the number of fire deaths in the UK showed a sharp rise until the late 1980s. 
This can be attributed to a number of factors including the shift from natural construction 
materials (such as wood and stone) to synthetic construction materials, and the widespread 
use of synthetic polymer products such as upholstered foam furniture. The higher flammability 
of these materials caught many by surprise and has been blamed for the almost tripling of fire 
deaths over 20 years (Figure 1)3. A similar trend became visible in the statistics for the injuries 
of fire victims (Figure 2). In both sets of data, there is a clear shift from burns being the major 
cause of death or injury to smoke becoming the most significant factor. Even with the 
reduction in fire deaths after the 1980s, death or injury by smoke toxicity still makes up a 
significant proportion of reported data, indicating that fire toxicity is a major factor in loss of 
life from fires. When factoring in unspecified causes of death (usually because the data could 
not be recorded as it awaited a formal inquest), and death by a combination of burns and 
smoke, it is reasonable to consider that fire toxicity contributes to over 50% of fire deaths in 
the UK.  
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Figure 1 Causes of UK fire deaths from 1955 to 20133 
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Figure 2 Causes of non-fatal UK fire injuries from 1955 to 20133 
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1.2.1 Fire Types and Ventilation Conditions 
A large range of factors can be involved when defining a fire. However, the stages of growth of 
a fire can be simplified into a number of key steps4. Figure 3 shows the growth of a 
hypothetical fire in an enclosure such as a room or building, going through the main stages of 
fire growth. The fire begins with an early induction period which may include smouldering, 
followed by ignition with well-ventilated flaming as the fire grows. Once the fire reaches a 
certain size, the fire growth becomes limited by the oxygen available and the fire becomes 
under-ventilated. This will continue until fuel and/or oxygen becomes limited enough that the 
fire begins to decay and possibly smoulder for some time. These characteristic stages of fire 
growth have been defined in more detail in ISO 19706 (Table 1)5. Factors such as heat flux, 
temperature, oxygen concentrations (to the fire and in the effluent), equivalence ratio, CO:CO2 
ratio, and combustion efficiency all factor into defining the fire stage. Equivalence ratio, in 
particular, is an effective way of defining the ventilation condition of a flaming fire. 
 
Figure 3 A simplified fire growth curve 
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Fire Stage 
Heat 
/kW 
m-2 Max Temperature /°C Oxygen /% Equivalence 
Ratio /φ VCO/VCO2 
Combustion 
efficiency 
/%   Fuel Smoke In Out 
Non-Flaming         
1a.Self sustained 
Smouldering N.a. 450-800 25-85 20 0-20 - 0.1-1.0 50-90 
1b. Oxidative, 
external 
radiation - 300-600  20 20 -   
1c. Anaerobic 
external 
radiation - 100-500  0 0 -   
         
Well-ventilated 
flaming         
2. Well-
ventilated 
flaming  0-60 350-650 50-500 ~20 0-20 <1 <0.05 >95 
         
Under ventilated 
Flaming         
3a. Low 
ventilation room 
fire 0-30 300-600 50-500 15-20 5-10 >1 0.2-0.4 70-80 
3b. Post 
Flashover 50-150 350-650 >600 <15 <5 >1 0.1-0.4 70-90 
 
Table 1 Classifications of characteristic fire stages based on ISO 197064 
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Equivalence ratio (φ) is defined as the ratio of the actual fuel/air ratio to the stoichiometric 
fuel/air ratio (Equation 1). ISO 19706 defines the equivalence ratio of well-ventilated flaming 
as an equivalence ratio of less than 1 and under-ventilated flaming as an equivalence ratio of 
greater than 1. This is misleading as an equivalence ratio of 0.99 would be well-ventilated and 
1.01 would be under-ventilated. In reality, early well-ventilated flaming will generally show an 
equivalence ratio of 0.5-0.7, which will increase as the fire grows. Once the fire is large enough 
the equivalence ratio will pass 1 as the amount of oxygen available (more accurately the 
amount of oxygen actually able to reach the flame) becomes limited. As the fire becomes 
severely under-ventilated equivalence ratios of 1.5-2.0 and above can be reached before the 
fire decays. 
𝜑 =  
𝐴𝑐𝑡𝑢𝑎𝑙 𝑓𝑢𝑒𝑙 − 𝑡𝑜 − 𝑎𝑖𝑟 𝑟𝑎𝑡𝑖𝑜
𝑆𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑢𝑒𝑙 − 𝑡𝑜 − 𝑎𝑖𝑟 𝑟𝑎𝑡𝑖𝑜
 
Equation 1 Definition of equivalence ratio  
In 1995, Pitts demonstrated through a review of available literature that the yield of carbon 
monoxide from burning simple hydrocarbons is directly related to equivalence ratio6. Oxygen-
rich conditions result in the near complete combustion of hydrocarbons yielding <0.01 g of CO 
per gram of fuel (g/g), while ventilation-controlled conditions yield 0.2 to 0.3 g/g. As CO is a 
product of incomplete combustion, the partial oxidation of fuel carbon due to limited oxygen 
leads to increased yields. Similarly, an oxidised product such as NO2 will be in limited yield in 
oxygen starved conditions, as not enough oxygen is available to achieve complete oxidation 
and vice versa. As a result of this well-defined relationship, CO yield can act as a useful 
diagnostic for estimating the ventilation condition of a fire. A CO yield of >0.2 g/g is generally 
indicative of under-ventilated conditions, although factors such as flaming or non-flaming 
combustion, temperature and material composition can all affect CO yield. The relationships 
between toxic products and equivalence ratio have been studied in detail both in the bench7,8 
and large-scale9,10,11, and the effects of ventilation conditions on specific toxicants are 
discussed later in this work. 
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1.2.2 Reaction to Fire and Methods of Assessment 
Reaction to fire testing is the assessment of the flammability and ignitability of products, as 
well as their contribution to fire growth. In order to quantify reaction to fire, countless 
standard tests have been developed, with varying likeness to real-life fires. While there are 
countless parameters that contribute to material reaction to fire, there are two major factors 
that are considered to be most important: heat release (both average heat release rate and 
peak heat release rate), and ignitability (increasing ignition resistance with higher ignition 
temperature or longer delays until ignition)12. However, there is some controversy over which 
is the most important factor to control to minimise fire hazard. 
Heat release rate (HRR) is defined as the mass loss rate of a material multiplied by its heat of 
combustion, with a plot of heat release rate over time during the combustion of a material 
providing useful information about its burning behaviour. In particular, peak heat release rate 
(PHRR) is generally considered to be the most important parameter driving flame spread 
during polymer combustion. The measurement of heat release rate has been well-established 
using oxygen depletion calorimetry, although several other methods (of varying reliability) 
exist including the measurement of temperature rise, mass loss, or CO2 production13. The total 
heat released (THR) can be calculated by integrating the heat release curve, and is a measure 
of the total amount of heat released by a burning material in a specific fire condition.  
The Cone Calorimeter (ISO 5660), was specifically developed to determine the HRR and 
effective heat of combustion of burning materials. It has been applied to building materials 
(ISO 5660-114) and to furnishings. In the standard cone calorimeter test, a horizontal 100 mm2 
sample of thickness up to 50 mm is mounted underneath a cone heater set to produce a 
uniform 10-100 kW m-2 (Figure 4). A spark igniter is positioned above the sample to provide an 
ignition source. The heat release measurements are provided using oxygen depletion 
calorimetry, with additional measurements of mass loss rate, CO and CO2 by non-dispersive 
infrared (NDIR), and smoke measurements.  
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Figure 4 The ISO 5660 Cone Calorimeter15 
As mentioned previously, ignition is another important factor in controlling fire hazard. It can 
be spontaneous (auto) and piloted (forced). There are a number of factors that influence 
ignition and ignitability, including the source of ignition (e.g. a flame or radiant heat source), 
the pyrolysis temperature of the material, and the presence of flame-retardant chemical 
additives (such as char-formers or gas-phase reaction inhibitors)16. The ignition temperature of 
the material is considered by some to be the most common quantitative measure of material 
flammability; however the time to ignition will depend on the ignition source. Well-defined 
ignition sources have been used17.  The cone calorimeter provides ignitability data based on 
time to ignition at a particular heat flux. Other standard ignitability tests exist such as ISO 
565718 which uses a radiant heat source (also using a cone heater), and ISO 11925-219 which 
uses direct application of a flame.  
The argument for the importance of reducing ignitability is obvious in that a fire that does not 
start cannot pose a threat to life or property, and a fire that is delayed in ignition is more likely 
to be stopped before the fire can grow to become dangerous. A delayed time to ignition can 
increase the time it takes for a fire to spread in a compartment – increasing the time available 
for escape and for fire and rescue teams to respond. In reality it would be difficult to measure 
how many fires were prevented due to reduced ignitability as they are unlikely to be reported, 
but this does not detract from the importance of reducing ignitability.  
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In order to achieve a standard for the assessment of building product reaction-to-fire 
behaviour (including insulation materials), the European Commission developed the Single 
Burning Item (SBI) test (EN 13283)20. The SBI test was designed to assess the performance of 
building products in a real-scale scenario, wherein an L-shaped construction is exposed to a 
single burning item (a sandbox burner) in a corner configuration where the two panels meet 
(Figure 5). The SBI test measures a number of reaction to fire properties including the fire 
growth rate (as a product of heat release rate) (FIGRA), THR, the smoke growth rate 
(SMOGRA), total smoke produced (TSP), lateral flame spread and several parameters to define 
flaming droplet and particle production.  
 
 
Figure 5 The SBI test apparatus21 
SBI test data is utilised in the Euroclass system, a harmonised system for reaction to fire 
performance testing of building materials. Building products are classified based on their 
reaction to fire properties from a number of tests including ISO 11925-2 (ignitability test), ISO 
118222 (non-combustibility test) and ISO 171623 (bomb calorimetry) (Table 2). The system is 
generally considered to be successful, with coordination from regulators, industry and 
researchers24. The SBI test can provide classification for approximately 90% of construction 
materials used in the EU25. 
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Class Performance 
description 
Test methods Fire 
scenario  
Heat attack Example products 
A1 No 
contribution 
to fire 
ISO 1182 and 
ISO 1716 
Fully 
developed 
room fire 
At least  
60 kW m-2 
Products of natural stone, concrete, 
bricks, ceramics, glass, steel and 
metallic products 
A2 “ ISO 1182 or 
ISO 1716 and 
EN 13823 
“ “ Products similar to class A1 but with 
small amounts of organic content 
B Very limited 
contribution 
to fire 
EN 13823 and 
ISO 11825-2 
Single 
burning 
item in a 
room 
40 kW m-2 
on a limited 
area 
Gypsum boards with thin surface 
linings and fire retardant wood 
products 
C Limited 
contribution 
to fire 
EN 13823 and 
ISO 11925-2 
“ “ Phenolic foam, gypsum boards with 
different surface linings (thicker 
than class B) 
D Acceptable 
contribution 
to fire 
EN 13823 and 
ISO 11925-2 
“ “ Wood products with thickness > 10 
mm and density > 400 kg m-3 
(depending on end use 
E “ ISO 11925-2 Small 
flame 
attack 
Flame 
height of 20 
mm 
Low density fibreboard, plastic 
based insulation products 
F No 
performance 
requirements 
- - - Products not tested 
 
Table 2 Description of the Euroclass System requirements and example products26 
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1.2.3 Fire Toxicity 
The combustion of polymeric materials is a complicated process which produces a cocktail of 
chemical products, many of which will vary in yield dependant on the ventilation conditions. 
The most common of these toxic products can be classified into a number of categories 
(although many can overlap into different categories).  
Asphyxiant Gases 
At their simplest definition, asphyxiant gases prevent the proper supply of oxygen to the body 
and this, in turn, induces generalised hypoxia. The symptoms of acute generalised hypoxia can 
include tachycardia (abnormally elevated heart rate), arrhythmias (irregular heart rate), 
increased respiratory rate, dyspnoea (difficult or laboured breathing), impaired judgement, 
weakness, coma, and eventually death27. Many of these symptoms are likely to impair the 
ability of a person to escape from a fire, should they not be outright killed by asphyxiation.  
Some occupational health sources prefer to break the definition down further into ‘simple’ and 
‘chemical’ asphyxiants28. Simple asphyxiants act by the displacement of oxygen in the 
surrounding environment, which will prevent an individual from acquiring sufficient oxygen. 
Chemical asphyxiants induce asphyxia by interfering with the ability of the body to deliver 
oxygen to cells (such as carbon monoxide) or for cells to properly utilise oxygen for cellular 
respiration (such as hydrogen cyanide). For the sake of completion, carbon dioxide and oxygen 
depletion have been included in this section, although it has been argued that when breathing 
fire effluent, a person would already have been killed by the combination of CO and HCN (if 
present) before CO2 and oxygen depletion become relevant.   
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Carbon Monoxide: 
Carbon monoxide (CO) is a colourless, odourless, non-irritating gas which is commonly formed 
as the result of incomplete combustion. CO is a toxicant that has affected humans throughout 
history, with Aristotle noting the toxic fumes produced by the burning of coal in the 3rd century 
B.C.29. The mechanism by which CO is toxic is related to its affinity to haemoglobin (Hb) in the 
blood. Its affinity to Hb is 200-250 times greater than the affinity of oxygen to Hb. This results 
in CO outcompeting oxygen at the binding sites to produce carboxyhaemoglobin (COHb), 
which is not readily displaced. The formation and persistence of COHb has a cumulative effect 
that reduces the overall ability of blood to carry oxygen around the body which increases the 
likelihood of hypoxia30. The effects of increasing levels of CO exposure are well understood 
(Table 3)31.  
Concentration /ppm (%) Symptoms 
100 (0.01%) Dizziness, headaches, weariness, impaired 
judgement and visual perception in two to three 
hours. 
1000 (0.1%) Previous effects are enhanced, with potential 
for convulsions within 45 minutes. 
3000 (0.3%) Intense headache, dizziness and nausea in 10 
minutes, death in less than 1 hour. 
6000 (0.6%) Intense headache, dizziness and nausea occur 
rapidly. Convulsions, respiratory arrest and 
death within 30 minutes.  
 
Table 3 Effects of acute carbon monoxide exposure at various concentrations31 
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The severity of the symptoms that result from CO inhalation are considered to be directly 
related to the level of COHb in the blood (usually expressed as a %). This has led to COHb% 
being frequently quoted to confirm the cause of death by smoke inhalation in a fire. If a person 
was killed before the fire was started, then they would not have inhaled any CO. A post-
mortem COHb level of 70+% following exposure to a fire will suggest a CO poisoning as the 
cause of death, meanwhile a level between 30-70% will likely be considered a contributing 
factor to the cause of death. Levels less than 30% are reported to suggest a different cause of 
death in a fire32. Although blood COHb levels are thought to provide an insight into the cause 
of death in a fire, the absorption and elimination rate of CO in the blood is complicated by a 
large number of physiological factors. This fact, in combination with the time between 
exposure and measurement, means that the amount of CO present in the fire cannot be 
reliably estimated from blood COHb.  
Several authors have noted that the toxicity of CO is not exclusively related to the hypoxia it 
induces33,34. Many of the ‘extra-haemoglobin’ effects of CO poisoning are consequence of the 
fact that CO is a signalling molecule in the body, and can also bind to active sites in enzymes. 
Such interference of normal bodily function can contribute to the neurological, cardiac, and 
cardiovascular effects of CO poisoning.  
As mentioned previously, CO is commonly a product of the incomplete combustion of organic 
carbon in fires in both smouldering and flaming combustion. Smouldering conditions can result 
in relatively high yields of CO; however the actual mass of burning fuel is usually small and thus 
the total amount of CO a person could be exposed to would therefore be low. The production 
of CO in flaming combustion is directly related to the ventilation condition, as the fire grows 
and becomes under-ventilated, the amount of carbon that is not fully oxidised to CO2 
increases, resulting in higher yields of CO. As previously described, this relationship has been 
firmly established for CO by Pitts in 19955 and many subsequent works.  
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Hydrogen Cyanide: 
Hydrogen Cyanide (HCN) is an organic compound with a faint smell of bitter almonds that boils 
at 25.6°C and is renowned for its highly toxic nature. Upon exposure by inhalation or 
absorption through the skin, HCN will dissociate to form cyanide ions in the blood which will 
be rapidly distributed around the body. The cyanide ion reversibly binds to the metals 
(commonly iron) in many enzymes, inhibiting their function and in turn inhibiting cellular 
function. In particular, cytochrome c oxidase is a major target of cyanide exposure, as it is vital 
to the function of mitochondria in cells. The binding of cyanide will block the transfer of 
electrons during cellular respiration, inducing cellular hypoxia as cells are unable to properly 
utilise oxygen. Tissues most vulnerable to this inhibition are those with a high oxygen demand 
such as the brain, heart and central nervous system (CNS)35. 
HCN is a sudden killer, which is ~35 times more toxic than CO. The severity of the exposure is 
dependant of the concentration of HCN present and the duration of the exposure. A 
concentration of over 300 ppm will kill extremely rapidly, a dose of 150 ppm is likely to 
incapacitate in 1-2 minutes and a dose of ~90 ppm is likely to incapacitate after around 30 
minutes. Doses lower than 80 ppm will induce toxic symptoms such as headaches, nausea, 
dizziness, confusion, weakness, loss of coordination, hyperventilation, arrhythmia, bradycardia 
(abnormally slow heart rate), loss of consciousness and coma36. 
In a fire, HCN can be produced to some degree by the combustion of any nitrogen containing 
organic material 37 . Materials such as nitrile rubber, wool, nylon, acrylonitrile and 
polyurethanes can all produce HCN when they burn. This is especially so during under-
ventilated burning where the HCN yield increases similarly to CO. Most, if not all, of these 
materials are found in modern buildings and homes so the likelihood of HCN forming in a fire is 
high. The toxicity of HCN, combined with its formation from common materials makes it a 
major factor in fire toxicity. However, the situation in which the yield of HCN is high also 
correlates with high CO yield. This makes it challenging to fully assess the contribution HCN to 
incapacitation and death in fires when both CO and HCN are present. Levin and co-workers 
presented evidence that CO and HCN interacted in an additive manner, reducing the 
concentration required to produce a fatal dose38. Both CO and HCN place stress on the body 
through hypoxia (one by denying the delivery of oxygen and the other preventing the 
utilisation of what little oxygen there is available), and by directly interfering with other 
biological processes such as cell signalling and enzyme activity.  
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Carbon Dioxide: 
Carbon Dioxide (CO2) is a colourless, odourless gas present in air at a concentration around 
0.04% (400ppm). In addition to being a natural product of the respiration of living organisms, it 
is also the product of the complete combustion of carbonaceous materials. When a fire is small 
and well-ventilated, the CO2 levels will be at their highest, but as the fire grows the production 
of CO2 will steadily decrease and shift towards the toxic products of incomplete combustion 
such as CO. While CO2 levels will not be a major threat when a fire is at its most ‘toxic’, 
exposure to increased CO2 has several adverse effects that can affect ability to escape a fire.  
CO2 acts as a simple asphyxiant and an increased level of CO2 in the atmosphere reduces the 
amount of oxygen available to the body. Since CO2 effectively replaces oxygen in a fire, oxygen 
depletion and CO2 asphyxiation are likely to occur simultaneously. However, in isolation, the 
CO2 produced by a fire is not likely to be a significant threat to healthy individuals. Instead, it is 
the combination of physiological effects of CO2 inhalation and their subsequent enhancement 
of the effects of other toxicants that make CO2 an important factor in fire toxicity. Increased 
blood CO2 stimulates both the rate of breathing and the volume inhaled per breath, thus 
increasing the respiratory minute volume (RMV). RMV can increase by up to 50% in an 
atmosphere of only 2% CO2, and 8-10 times in an atmosphere of 10% CO239. This results in an 
increased uptake of other toxic gases in the fire effluent. 
Additionally, it has been reported that the interaction of CO and CO2 can have an additive 
toxicological effect as a result of severe acidosis39. The effect of metabolic acidosis from CO (a 
result of reduced oxygen availability causing lactic acid build up in the body) and respiratory 
acidosis from increased CO2 (which results in increased blood acidity from carbonic acid build 
up) caused the death of test animals over the next 24 hours when the levels were expected to 
be sub-lethal. Severe acidosis can cause a multitude of symptoms that would hinder the ability 
of a person to escape in a fire such as headache, tiredness, confusion, weakness, seizures, 
nausea, loss of consciousness, coma and death. Further to this, primary treatment with oxygen 
for CO exposure may not be enough to offset the symptoms of acidosis which can have a 
prolonged recovery period (although treatment of acute acidosis can be achieved via alkali 
therapy once it has been identified).  
While, CO2 is not the biggest factor in fire toxicity (compared to CO or HCN especially) it is 
important to consider, due to its contribution to the ‘asphyxiant load’ a person would be 
exposed to, its additive effects on other toxicants, and the potentially lethal after effects of 
acidosis. 
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Low Oxygen Concentration: 
While not a direct asphyxiant, the reduction in atmospheric oxygen as a result of its depletion 
during combustion can result in adverse health effects. As the oxygen concentration decreases 
from 20.95%, negative effects such as loss of coordination, poor judgement and rapid fatigue 
can begin to occur. These effects will be compounded with the other asphyxiant effects from 
exposure to fire effluent, leading to an increased ‘asphyxiant load’ on the body.  
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Irritant Gases 
Irritant gases and smoke prevent escape from fires by producing sensory and respiratory tract 
irritation. This can cause effects ranging from discomfort to severe pain depending on 
concentration. These effects can include pain in the eyes, nose, throat and chest, coughing, 
bronchoconstriction and laryngeal spasms. If these effects do not incapacitate a person 
outright, they can potentially have a number of behavioural effects such as causing a person to 
remain where they are instead of attempting escape. This leaves them effectively 
‘incapacitated’ and susceptible to the lethal effects of CO and HCN40.   
The most common irritants evolved during combustion include hydrogen halides (HCl, HBr, 
and HF) and the oxides of nitrogen and sulphur. There are also a large number of organo-
irritants whose yields will be more dependent on the chemical composition of the burning 
material and the ventilation condition (such as aldehydes, isocyanates and organo-phosphorus 
fragments from the decomposition of chlorinated organo-phosphate flame retardants).  
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Hydrogen Halides: 
Hydrogen halides (HX) are released during the thermal decomposition of halogen containing 
materials. They form their equivalent halogen acid on contact with liquid water or water 
vapour (for example in the respiratory tract or eyes). They are highly irritating at relatively low 
concentrations and directly toxic at higher concentrations. Acid gases such as hydrogen halides 
present some challenges for sampling due to the water vapour present in fire effluent and 
potential cold spots in test apparatus allowing for it to condense before it is sampled. This is a 
common experimental challenge that is relevant to many toxic products in fire analysis, but is 
particularly prevalent for acid gas products.  
n
(i) (ii)
 
Figure 6 i) Structure of PVC ii) Structure of TCPP 
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Hydrogen chloride (HCl) is commonly released during the combustion of materials such as 
polyvinylchloride (PVC) or from the decomposition of chlorinated flame retardants such as the 
commonly utilised tris-(2-chloroisopropyl) phosphate (TCPP) (Figure 6). Even at low 
concentrations, the effects of HCl are severe (Table 4)41. Concentrations higher than 5 ppm 
cause sensory and respiratory irritation, which will increase in severity with concentration, 
becoming intolerable above 50-100 ppm. Persistent exposure can lead to damage to the 
alveoli and pulmonary oedema (fluid accumulation in the lungs)42. Levels above of 1000 ppm 
can be extremely dangerous and could cause death. In situations where pulmonary damage is 
caused, there is potential for the formation of Reactive Airways Dysfunction Syndrome (RADS) 
which is an irritant induced asthma.  
Concentration (ppm) Signs and Symptoms 
<5 Detection by odour and extremely light irritation 
>5 Irritating to nose ,eyes and throat 
>10 Increasingly irritating 
35 Throat and lung irritation with sneezing and chest 
pain 
50-100 All of the above intensify along with feelings of 
suffocation 
300 Damage to alveoli and pulmonary system, 
potential RADS after exposure ends 
1000+ Extremely dangerous and potentially fatal 
 
Table 4 Effects of HCl exposure with increasing concentration43 
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Hydrogen bromide (HBr) is another commonly found HX acid gas, and as such can be expected 
to act similarly to HCl, although there is limited data available on its effects. It is an extremely 
irritating gas and is a stronger acid than HCl. In fires it is generally formed from the thermal 
decomposition of brominated flame retardants (BFRs). While there is some argument as to 
their fire toxicity contribution (due to their comparatively low yields in fires), the severely 
irritating nature of HBr will contribute to the irritation a person may experience from smoke 
exposure, hindering escape and decreasing their chance of survival. A summary of the effects 
of HBr exposure can be found in Table 543.  
HBr Concentration (ppm) Signs and Symptoms 
~5 Nose and Throat Irritation 
100 Severe sensory irritation 
1000 Incapacitation, pulmonary and alveoli damage 
1000+ Potentially fatal 
Table 5 Effects of HBr exposure with increasing concentration43 
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Hydrogen fluoride (HF) is not as commonly found in fires as HCl and HBr, as it is usually only 
found in small quantities in very specific applications. Sources of HF in fires can include the 
combustion of fluorinated polymers (such as PTFE) and also from the decomposition of 
fluorinated ‘halon’ fire extinguishing systems in high temperature fires (which are mainly used 
in military applications and rarely in hand-held fire extinguishers44). Like other HX compounds, 
HF is highly irritating at relatively low concentrations. At high concentrations it can penetrate 
deep into the lungs, causing pulmonary damage and RADS. In addition to being a powerful 
irritant, HF is also highly toxic due to the effects of the fluoride ion on biologically important 
ions such as Ca2+ and Mg2+, causing nerve damage and potential cardiac arrest. Its effects may 
not be immediately evident and can result in delays seeking medical treatment45. 
While HF is unlikely to be present in significant quantities in most fires, chlorinated and 
brominated polymers are widespread in the modern environment and their decomposition in 
fires can lead to the production of HCl and HBr. These halogen acids will contribute to the 
cocktail of irritants produced, increasing the risk of incapacitation and death by prolonging 
exposure to asphyxiant gases due to inability to escape.  
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Nitrogen Oxides: 
Nitrogen oxides (NOx) are gaseous products of the combustion of nitrogenous materials. They 
can also be formed by the reaction of nitrogen and oxygen, but this only occurs at 
temperatures above 1200°C. The two most commonly described NOx products in fire effluent 
are nitrogen oxide (NO) and nitrogen dioxide (NO2). Both compounds are reported to have 
toxic effects but there is no clear evidence in the literature of the fire toxicity of each 
compound; instead their combined toxicity is commonly reported46. 
NO2 is a brown, irritating, toxic gas which will hydrolyse into nitrous and nitric acid on contact 
with water. Exposure to NO2 results in irritation to the upper respiratory tract and higher dose 
can lead to pulmonary oedema and death. The most severe symptoms may appear hours or 
days after the exposure leading to unexpected deaths47. There is very little information about 
the toxicity of NO, and it is expected that acute exposures to NO are not likely to cause a 
severe reaction, and that chronic exposure is the only concern48. 
In fires, the toxicity of NOx compounds are assumed to be equal to treating all NOx present as 
NO2. However, data in the literature suggests that the majority of NOx present in fire effluent is 
NO, which is considerably less toxic than NO2. This indicates that the contribution of NOx 
compounds to fire toxicity is overstated by assuming the worst case scenario – that all NOx is 
NO2, when in reality the toxicity would be lower than previously expected46.  
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Sulphur Oxides: 
Comparably to fuel nitrogen and NOx products, the combustion of fuel sulphur can lead to the 
production of sulphur compounds, such as sulphur oxides (SOx), in the fire effluent.  
Sulphur dioxide (SO2) is a colourless gas with a distinctively pungent smell. The irritating, 
rotting smell of SO2 is detectable by the human nose at concentrations as low as 0.3 ppm. In 
fires, SO2 is formed from the combustion of sulphur containing materials such as phenolic 
resins and foams, and vulcanised rubbers14.  
SO2 acts as a respiratory irritant and also increases airway resistance, even at concentrations 
as low as 1 ppm. This effect continues to increase in severity as the concentration increases. 
This irritation is caused by the formation of sulphurous acid upon its reaction with water. 
These effects will continue to increase until death occurs as a result of airway blockage and 
severe irritation49. SO2 presents a particularly high risk to people with pre-existing respiratory 
conditions, as they will be affected by it much more severely and at lower concentrations than 
a healthy individual50.  
Sulphur trioxide (SO3) is a similarly irritating acid gas that forms sulphuric acid on contact with 
water. It rapidly takes up water from the atmosphere (and potentially from fire effluent) to 
produce sulphuric acid which is severely irritating to any tissues exposed. Its action is 
reportedly similar to that of SO2 but with a more severe irritant action51.   
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Aldehydes: 
(i) (ii) (iii) (iv)  
Figure 7 Structures of common aldehydes found in fire effluents i) formaldehyde ii) acrolein iii) 
acetaldehyde iv) butyraldehyde 
The combustion of organic polymers will likely result in the formation of partially oxidised 
organic fragments such as aldehydes and ketones; the yields of which will increase as the fire 
becomes under-ventilated. There are several potential aldehydes that could be formed in a 
fire, but generally formaldehyde and acrolein are most toxicologically significant (with 
acetaldehyde and butyraldehyde also receiving some attention in the literature) (Figure 7)52. 
Formaldehyde has been reported from the combustion of wood, but there is limited fire 
toxicity data available from the combustion of polymers. It is known that it is generated during 
the incomplete combustion of materials such as polyurethane and phenolic foams. 
Formaldehyde is strongly irritating to the eyes and upper respiratory tract and can cause mild 
irritation at concentrations as low as 0.2 ppm. Lower respiratory tract and pulmonary irritation 
can occur from 5 – 30 ppm, with increasing severity until it reaches a potentially fatal dose at 
100 ppm53.  
Acrolein is a structurally more complex aldehyde compound that is also formed from the 
combustion of woods, polyurethane and phenolic materials, albeit in lower concentrations 
than the simpler molecule formaldehyde. A significant amount of its toxicity data has 
developed from research into its presence in cigarette smoke54. It is a highly potent irritant and 
can cause negative effects at 0.5 – 5.0 ppm55. Exposure to over 10 ppm of acrolein can cause 
severe respiratory distress and potentially death. However, it is also a highly reactive 
compound, and as such may not survive for long as it moves away from the source of the fire 
and is exposed to the cocktail of chemicals found in fire effluent.   
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Isocyanates: 
(i) (ii) (iii)  
Figure 8 Structure of isocyanates commonly found in fires involving polyurethane materials i) 
methyl isocyanate ii) 2,4-toluene diisocyanate iii) 4,4’-methylene diphenyl diisocyanate 
 
Isocyanates are commonly used in the production of polyurethane materials. When these 
polymers thermally decompose, isocyanates are released. While highly reactive and unlikely to 
persist in fire effluent, isocyanates are highly toxic and irritating so that exposure to even low 
concentrations can cause harm. Isocyanates can cause severe long term effects even as a 
result of single exposures, including pulmonary oedema and RADS56.  
The release of isocyanates from decomposing polyurethane foam generally occurs at lower 
temperatures and early on in the fire. This is due to their fragile and reactive nature, resulting 
in their reaction with many components of fire effluent including water, aldehydes, acid gases 
and more57. Both full sized monomers, such as 2,4-toluene diisocyanate (2,4-TDI) and 
methylene diphenyl diisocyanate (MDI), and also smaller isocyanate fragments such as methyl 
isocyanate can be formed (Figure 8). Methyl isocyanate is severely irritating as low as 1 ppm 
and may cause harm to unborn children even from an acute exposure. Any isocyanate 
fragments are expected to be irritating upon exposure due to the high reactivity of the NCO 
functional group, so the total isocyanate exposure a person faces may be severe in close 
proximity to smouldering or flaming polyurethane materials.  
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Methods of Assessment 
Bench-scale methods used for generating toxic effluents from burning materials have been 
met with controversy. Many are incapable of recreating the most hazardous fire condition 
from a fire toxicity perspective, under-ventilated burning, which produces the highest yields of 
CO and HCN.  
Under-ventilated conditions are difficult to replicate in the bench-scale. Many methods, such 
as the smoke density chamber (SDC)58 and the NF X 70-100 static tube furnace59, have non-
constant combustion conditions. The fire is allowed to ignite, grow and decay through the 
duration of the test, with each stage in this process effectively having a different ventilation 
condition and yields of toxic products. The ventilation conditions during a fire test are 
dependent on a combination of material mass loss and available oxygen (which are generally 
unknown in most bench-scale test methods). Therefore, the ideal scenario requires steady 
burning in the desired ventilation-condition.  The cone calorimeter with controlled atmosphere 
attachment (CACC) and the fire propagation apparatus (FPA)60 are capable of producing a 
quasi-steady burning period during tests. However, if the ventilation condition is not sustained 
for a sufficiently long period of time, or the quasi-steady state is unstable as a result of 
changes in material composition throughout the test (such as surface char formation), then 
the fire toxicity data generated will have an increased level of uncertainty. The ISO/TS 19700 
Steady State Tube Furnace (SSTF)61 was designed to overcome these problems by feeding a 
constant mass of material into the hot zone of the furnace to maintain a steady state burn.  
As the CACC and SSTF are currently seen as leading contenders for a standardised test method 
for measuring fire toxicity, both methods are discussed in more detail in the following section.   
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The Controlled Atmosphere Cone Calorimeter (CACC): 
The cone calorimeter is one of the most widely used test apparatus for the assessment of 
flammability in the world62. In order to expand its usefulness, attempts have been made to 
allow the cone calorimeter to recreate ventilation controlled conditions. The controlled 
atmosphere cone calorimeter (CACC) operates similarly to the standard cone calorimeter. A 
sample of up to 100 x 100 x 25 mm is placed horizontally on a load cell below a cone heater, 
radiating at a known heat flux. This is contained in an enclosure in which a known mixture of 
nitrogen and air is delivered to control the ventilation conditions within (Figure 9).  
The CACC is able, through these modifications, to produce ventilation-controlled conditions. 
However, when under-ventilated burning is forced, the effluent can continue to burn as it 
leaves the ventilation controlled enclosure, effectively consuming additional oxygen and 
affecting the calculated equivalence ratio. This can be overcome by connecting the outlet to an 
elongated exhaust duct which will allow the effluent to cool before mixing with fresh air.  
Another challenge that arises from the CACCs design is the effect on the sample before the 
test begins. After the sample is inserted into the combustion enclosure, it takes a short 
amount of time for the desired atmosphere to fill the chamber. During this time, the sample 
will be pre-heated, which will affect its performance during the test. In under-ventilated 
conditions, a heat flux of greater than 50 kW m-2 is required to recreate the conditions of a 
well-developed under-ventilated fire. This can lead to sample decomposition before beginning 
of the test. Furthermore, the high heat flux required has the potential to lead to errors in the 
measurement by the load cell, which is susceptible to the effects of high temperatures. This is 
due to changes in the physical dimension and structural stability of the load cell resulting in 
errors in measurement.   
The combination of sample decomposition pre-test, and erroneous load cell readings, leads to 
reduced accuracy of the calculated equivalence ratio, which leads to a poorly defined fire 
condition. Furthermore, some authors have argued that the CACC is limited in its usefulness as 
it only gives an ‘effective’ global equivalence ratio, rather than an averaged local equivalence 
ratio63. Despite these criticisms, the cone calorimeter is a widely used and well-understood 
test apparatus, which requires little modification to create a CACC, so research continues in an 
effort to overcome the challenges presented.  
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Figure 9 The Controlled Atmosphere Cone Calorimeter64 
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Steady State Tube Furnace (SSTF): 
The ISO/TS 19700 Steady State Tube Furnace has been specifically designed for fire toxicity 
assessment in ventilation controlled conditions61. An 800 mm sample is fed into the hot zone 
of a tube furnace at a fixed rate (Figure 10). Air flow into the tube furnace is controlled to 
achieve the desired ventilation conditions. By adjusting the air flow, temperature and feed 
rate, the desired fire stage can be recreated in steady burning conditions. These fire stages 
include oxidative pyrolysis, well-ventilated flaming and under-ventilated flaming. The effluent 
produced leaves the furnace and enters a mixing chamber where it is diluted by a known 
amount and sampled for toxic gases. A sample of the effluent may be passed through a 
secondary furnace to replicate continued burning in the upper layer of a compartment fire. As 
the SSTF was specifically designed for fire toxicity assessment, it is capable of allowing 
sampling the toxic gases such as CO, CO2, HCN, and acid gases. The data generated is readily 
fed into the methodology outlined in ISO 1334465 and ISO 1357166 (which are described in the 
following section) for the purpose of fire toxicity assessment in relation to a specific fire stage.  
 
 
Figure 10 The Steady State Tube Furnace67 
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Quantification of Toxic Hazards from Fires 
When the toxicity of fire effluents was first recognised, in the mid-20th century, the toxicity of 
fire smoke was assessed directly by animal exposure experiments. This provides a measure of 
the overall toxicity, but does not indicate the specific gases responsible. In recent years, 
routine use of animal exposure tests is forbidden in most jurisdictions, which has almost 
completely eliminated their use in fire toxicity assessment. However, modern fire toxicity 
assessment still relies on some of the data generated during these studies.  
In order to quantify the toxic hazard presented by a fire, the general approach adopted is to 
assume additive behaviour of the individual toxicants, and to present the concentration of 
each as a fraction of the lethal concentration for 50% of the population. The addition of these 
fractions gives a fractional effective dose (FED), which when equal to one indicates that the 
toxic gases will be lethal to 50% of the population. FEDs can be calculated based on rat 
lethality data for a 30 minute exposure, as described in ISO 1334465, or based on estimates of 
human incapacitation as described in ISO 1357166.  
The Purser model, outlined in ISO 13344, allows data generated in bench-scale methods (such 
as the SSTF), to calculate the FED for a 30 minute exposure based on the concentration of toxic 
gases in the fire (Equation 2). VCO2 is a multiplication factor for CO2 driven hyperventilation, 
increasing the contribution of all of the toxic species. The equations also incorporate an 
acidosis factor to account for CO2 induced acidosis. The structure of the equation is flexible, 
allowing for the incorporation of specific toxicants, requiring only their LC50 and the 
concentration of the gas in the fire effluent.  
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Equation 2 ISO 13344 Purser model for estimating lethality from fire effluent 
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As the Purser model only accounts for lethality, a different model is required to represent the 
fact that many people fail to escape from fires due to incapacitation as a result of the 
compounding effects of asphyxiants, irritant gases, smoke (obscuring visibility), and heat. ISO 
13571 considers toxic gases, irritant gases, heat and smoke obscuration individually to present 
an incapacitation FED/FECs for each. Should any of these factors achieve an FED/FEC over 1 
then the persons exposed will be at risk of incapacitation. Equation 3 calculates the FED of the 
two major asphyxiants, CO and HCN. Unlike the Purser model, the FED is calculated as a 
function of concentration and time, not just a fixed concentration for a 30 minute exposure. 
Additionally, HCN has an exponential function to account for the non-linear relationship of its 
asphyxiating effects.  Equation 4 uses a similar principle to calculate the incapacitating effects 
of irritant gases.  
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Equation 3 ISO 13571 model to estimate compromised tenability from asphyxiant gases 
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Equation 4 ISO 13571 FEC model for compromised tenability from irritant gases 
 
Calculated FED values can be further manipulated to present a ‘material-LC50’, established in 
ISO 1334465 (Equation 5). This value represents the mass of a burning material in a given fire 
condition that would produce toxic effluent yielding an FED of one within a volume of 1 m-3. 
The lower the value, the more toxic the material is when burning, for that specific fire 
condition (and duration of exposure in the case of ISO 13571).  
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M

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Equation 5 Equation relating LC50 to FED to calculate a material-LC50 
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1.2.4 Insulation Materials 
Thermal insulation materials have been used throughout human history, but their major 
development came in the 20th century with demands for increasing energy efficiency alongside 
the development of new technologies. The widespread use of heating and ventilation in 
buildings led to architects and engineers developing the first theories of thermal insulation and 
its related physics. Mineral and glass insulations were used in the early 1900s, with plastic 
based insulations beginning to appear after the 1950s resulting from the widespread invention 
of new plastic materials. Polyurethane based materials were developed in 1937 by Otto Bayer 
and appeared as aircraft coating. The major breakthroughs came in the 1950s with the 
invention of polyisocyanurate foams. Phenol and formaldehyde foams were developed in the 
1970s68. 
An ideal thermal insulation material would have the desired insulating properties while 
maintaining desirable physical properties required for the application. The most commonly 
assessed insulation properties include thermal conductivity, thermal resistance and the U-
Value. Thermal conductivity (K or λ) is a constant value for a specific material which describes 
the ability of heat to travel through a unit area of material. A good insulator will have a low 
thermal conductivity, minimising the ability of heat to travel through it. Thermal resistance (R-
value) is calculated as a function of thermal conductivity and thickness. Materials with a higher 
thickness will have a higher R-value and a reduced ability for heat to travel through them. U-
Value describes heat transfer per unit area through part of a building. Improved insulation is 
achieved by designing buildings with the aim of reducing U-Values i.e. reducing heat loss 
through walls, ceilings and floors. 
The physical properties of thermal insulation materials that are commonly desired include low 
density, ease of installation, water resistance, compression resistance and, ideally, reduced 
cost. Foam insulation materials, such as phenolic and polyurethane foams, are generally 
cheaper, more lightweight and have good thermal insulation compared to their competitors. 
However, these foam materials have reduced durability and are flammable. Mineral wool 
materials, on the other hand, have generally higher density and thickness than foam insulation 
of the same quality of thermal insulation. This is weighed against benefits of mineral wool 
materials being non-flammable and having high durability compared to foam insulation in the 
long-term.  
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Ultimately, the global market for thermal insulation is expected to grow each year69. 
Governments worldwide are pushing for building construction that utilises energy efficient 
design, which has led to a widespread demand for insulation materials to meet the goals of 
these schemes. North America and Europe are the largest and second largest markets for 
insulation materials respectively. In these regions, domestic construction is the area of highest 
growth in recent years. However, the thermal insulation market is expected to see significant 
growth in Asia due to increased construction spending combined with energy efficiency 
initiatives70. Emerging markets, like China and India, will require quality insulation to improve 
the cost efficiency of their structures and minimise costs.   
The main types of insulation assessed as part of this work (PIR, phenolic and mineral wool 
materials) are discussed in the follow sections.  
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Chemistry and Fire Toxicity of Polyurethane Foams: 
A full and comprehensive review of the chemistry, thermal decomposition and fire toxicity of 
polyurethane foams was published in the peer-reviewed journal Fire Science Reviews in 2016 as 
a result of the work carried out as part of this project. The following section contains a 
condensed version of that review. The full text can be found in appendix C.  
(Full citation: McKenna ST, Hull TR (2016) The Fire Toxicity of Polyurethane Foams, Fire Science 
Reviews, 5(3)). 
As mentioned previously, polyurethane materials were discovered in 1937 by Otto Bayer, and 
since then have developed into a multibillion dollar global industry. Polyurethane insulation 
materials make up 25% of the polyurethane market, estimated at over $55 billion in 201671. 
Their other major use is in the furniture and interior industry, with 28% of the polyurethane 
market.  
 
Figure 11 The urethane functional group 
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Polyurethanes are named for the urethane functional group (Figure 11). Despite their name, 
the term polyurethane encompasses a broad family of polymers with a large range of 
functional groups primarily derived from the polyaddition of polyisocyanates and polyalcohol 
(usually polyether and polyester based polyols). Isocyanates also react with amines, water, 
ureas, urethanes and even other isocyanates to form a range of functional groups including 
urethanes, ureas, isocyanurates, carbodiimides and uretdiones that all come under the 
polyurethane ‘family’ of structures (Figure 12)72. The isocyanurate ring, formed by the self-
addition reaction of 3 isocyanate groups, is found in higher concentrations in the 
polyisocyanurate (PIR) sub-class of polyurethane foams (although many sources class them 
entirely separately, this is misleading as their fundamental chemistry and much of their fire 
behaviour is directly related to the more generally termed ‘polyurethane’ foams).  
(i) (ii)
(iii) (iv)
 
Figure 12 Other polyurethane functional groups i) urea ii) isocyanurate iii) carbodiimides iv) 
uretdiones 
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The stability of the bonds in polyurethane foams is well understood from comprehensive 
thermal decomposition studies in the literature. Upon heating in an inert-atmosphere, 
polyurethane bonds progressively rupture in relation to their bond stability as the temperature 
increases. A summary of the bond decomposition temperatures can be found in Table 673. 
Isocyanurate bonds are of particular interest due to their increased thermal stability, which 
contributes to the improved fire performance of PIR foams.  
Polyurethane bond Decomposition temperature range 
/°C 
Urea 160-200 
Urethane 180-200 
Substituted urea 235-250 
Carbodiimide 250-280 
Isocyanurate 270-300 
Table 6 Bond decomposition temperatures of the major polyurethane functional groups 
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Once thermal decomposition occurs, the results are usually the reverse of the polymerisation 
reaction, initially forming the precursor functional compounds – diisocyanates, diamines and 
dihydroxy- fragments. Diisocyanates (and their equivalent amines) are most commonly 2,4-
toluene diisocyanate and methylene diphenyl diisocyanate (MDI) (Over 90% of all industrially 
produced polyurethanes are based on either TDI or MDI72). Much of this decomposition above 
300°C results in browning of the foam, with volatilised isocyanates, amines, and a nitrogen rich 
‘yellow smoke’ of partially polymerised isocyanates, with partially polymerised polyols 
remaining in the condensed phase74. Above 600°C, polyols in the condensed phase will 
fragment and volatilise, leaving behind a char. Above 800°C, the polyol char can decompose to 
produce simple organic fragments (CO, CO2, CH4 aldehydes) and some polycyclic aromatic 
hydrocarbons (PAHs)75.  
In the gas phase, isocyanates and ‘yellow smoke’ will begin to decompose above 600°C into 
low molecular weight nitrogen containing fragments (such as benzonitrile, aniline and HCN). At 
>800°C, further fragmentation into simple molecules occurs, resulting in compounds such as 
HCN, CO, CH4 and formaldehyde. Rearrangement of carbonaceous molecules into PAHs can 
also occur at high temperatures. HCN yields have been reported to increase significantly at 
high temperatures, with up to 70% of the foam nitrogen being converted to HCN at 1000°C76.  
These reactions are accelerated in the presence of oxygen, reducing the overall temperature of 
the major decomposition steps. Furthermore, polyurethane foams based on polyether polyols 
will have a lower decomposition temperature in air than polyester polyol based foams77. 
Generally, much of the literature on the thermal decomposition of polyurethane foams does 
not differentiate between flaming and non-flaming decomposition, with flaming 
decomposition accelerating the decomposition into simple organic fragments (CO, CO2, HCN, 
and NOx)78.  
A generalised mechanism for the decomposition of polyurethane based foams can be found in 
Figure 13, based on a comprehensive literature survey57. An understanding of the thermal 
decomposition of polyurethane foams and the mechanisms by which decomposition occurs is 
essential in understanding and explaining the fire toxicity of polyurethane foam insulation.  
40 
 
 
Figure 13 Generalised decomposition mechanism for the thermal decomposition of 
polyurethane foams57 
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In terms of fire toxicity, polyurethane foams show notable differences dependant on 
formulation. Stec and Hull assessed the fire toxicity of rigid polyurethane foam and 
polyisocyanurate foam79. In well-ventilated conditions (ϕ < 0.8), the yields of CO2 and NO2 were 
at their highest as a result of the more complete combustion of nitrogen and carbon in the 
foam. Meanwhile, the yields of CO and HCN were at their lowest. In ventilation controlled 
conditions (ϕ > 1.5), the yields of CO and HCN drastically increased, with the yields of CO2 and 
NO2 decreasing. For both materials there is a clear increase in yield of the major asphyxiant 
products from well-ventilated to under-ventilated flaming. At ϕ ~2.0, the rigid polyurethane 
foam produced more CO than the polyisocyanurate (240 mg g-1 vs. 225 mg g-1), but the 
polyisocyanurate produced more HCN (17 mg g-1 vs. 12 mg g-1). The CO yields measured were 
within the range expected for carbonaceous polymeric materials burning in under-ventilated 
conditions (~200 mg/g CO); the 33% increase in HCN yield indicates that PIR materials produce 
higher yields of HCN than PUR materials in comparable ventilation conditions.  
FED calculations, using the ISO 13344 Purser model, demonstrated that the CO and HCN are 
the most toxicologically significant products of the combustion of both rigid PUR and PIR 
foams. HCN in particular was the biggest contributor to the overall toxicity in all flaming test 
conditions. The contribution from HCl (generated by the decomposition of chlorinated flame 
retardants in the insulation) and NO2 was insignificant compared to the toxic contribution of 
the asphyxiant gases. However, the presence of HCl will have increased the yield of both CO 
and HCN in well-ventilated conditions resulting in an indirect contribution to the overall 
toxicity of the effluent.  As a result of its higher HCN yield, the PIR foam was found to present 
the highest toxic hazard in the under-ventilated conditions.  
Additionally, the authors noted increased yields of CO in the well-ventilated conditions, 
resulting in an increased FED value. This was attributed to the presence of gas-phase radical 
quenchers which will reduce the conversion of CO to CO280. The presence of HCl in the fire 
effluent suggests the presence of chlorinated organophosphates, which are commonly found 
in polyurethane based foams as a flame retardant additive.   
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Purser, in 2008, also found similar results when establishing the fate of fuel nitrogen in 
polymers81. A PIR foam analysed in the SSTF resulted in HCN yields that increased significantly 
above ϕ = 1.5, with an HCN yield of 20 mg g-1 at ϕ = 1.75, which decreased slightly at ϕ = 2.0 to 
18 mg g-1. The conversion of fuel nitrogen at ϕ = 1.75 was 15% with 6.15% nitrogen in the 
polymer. The authors noted that the polymers containing fire retardants (including the PIR) 
had higher recovery fractions of fuel N as HCN. This was attributed to gas-phase radical 
quenchers, as chlorine was detected at 3.56% by weight, again suggesting the presence of 
chlorinated organophosphate flame retardants.  
The general trend found in the literature followed that flexible PUR foams were the least toxic, 
with rigid foams showing increased toxicity and PIR foams showing the highest toxicity. In 
under-ventilated conditions, both rigid PUR foams and PIR foams showed yields of CO ranging 
from 200-300 mg g-1 but showed yields of HCN ranging from 10-15 mg g-1 and 15-20 mg g-1 
respectively.  Their high fire toxicity is primarily associated with a combination of CO and HCN, 
with HCN being the most toxicologically significant factor in under-ventilated conditions. 
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Chemistry and Fire Toxicity of Phenolic Foams: 
Phenolic foam products are formed from the foaming of phenolic resins, which are produced 
by the reaction of phenols and formaldehydes82. Formaldehyde can react with up to 3 sites on 
a phenol molecule (in the ortho- and para- positions) to produce a cross-linked resin, which 
can then be foamed with blowing agents (Figure 14). Sulphur is commonly found in phenolic 
foams as sulphonic acids are often used as catalysts in the foaming and curing stages. This 
results in phenolic foams that are often acidic in nature and can be potentially corrosive in 
contact with metals, unless treated. Nitrogen is also found in some phenolic materials 
(particularly foam insulation) as urea additives improve the thermal conductivity and strength 
of the foam through increased cross-linking in the polymer. Inorganic fillers and halogenated 
organics are also added to some phenolic foam as fire retardants to improve the foams 
reaction-to-fire properties.  
(i) (ii) (iii)  
Figure 14 Reaction of i) phenol and ii) formaldehyde to produce a iii) phenolic resin 
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Phenolic foams generally begin to decompose above 300°C83. The primary decomposition 
products include CO, CO2 and organic fragments of varying size as may be expected on heating. 
Bigger fragments include the aromatic precursors of the polymer including phenols and 
benzene rings (dependant on bond scission). Simpler fragments are primarily aldehydes 
(formaldehyde as the main aldehyde, but also including other short chain aldehydes) and 
simple ketones. Phenolic foams containing sulphur may also produce organo-sulphur and 
oxidised sulphur products which are both irritating and toxic.  At higher temperatures, above 
800°C, PAHs can also form. The thermal decomposition of phenolic foams is in many ways 
comparable to wood, but with lower thermal stability. 
In fires, as expected, CO is the major toxic product of phenolic foam combustion. Partially 
oxidised fragments, such as formaldehyde, will contribute to fire toxicity due to their irritating 
and sometimes directly toxic effects, but little information quantifying aldehydes in 
ventilation-controlled conditions is available. As has been mentioned previously, much of the 
fire toxicity data available for materials are measured using test apparatus that only produce 
well-ventilated conditions, and are not directly relevant to the most toxic stage of the fire: 
under-ventilated flaming. 
Hull and Stec found that phenolic foam insulation produced increasing yields of CO in the SSTF, 
comparable to PUR and PIR foams, as the fire condition becomes increasingly under-ventilated 
(>200 mg g-1)79. Interestingly, the phenolic foam also produced similar NO2 yields ~2 mg g-1. 
Elemental analysis was not performed, but the presence of NO2 would prove the presence of 
nitrogen in the polymer. Despite the comparable yield of NO2, the yield of HCN reported was 
low (<1 mg g-1). FED calculations showed that CO was the major contributor to the overall 
toxicity in under-ventilated conditions, but the presence of chlorine in the polymer resulted in 
higher than expected toxicity in well-ventilated conditions. Generally, based on the limited 
literature data available, phenolic foams can be expected to produce CO yields of 200-300 mg 
g-1 in under-ventilated conditions, with small yields of HCl, HCN and NOx (if Cl and N are 
present in the polymer).  
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Chemistry and Fire Toxicity of Mineral Wool Insulation: 
Mineral wool insulation materials have existed since the late 1800s, based on both synthetic 
and natural products. In modern insulation, they are generally split into two main categories84: 
Glass wool which is primarily composed of recycled glass (~70%), with a phenolic resin binder 
(0.5-7.0%) and remaining matter composed of materials such as sand, limestone or soda. 
Stone (or rock) wool is composed of natural stone that is melted and spun into fibres that are 
then bound with similar amounts of (usually) phenolic binder as glass wool products.  
The thermal decomposition of mineral wool products depends on whether they are stone or 
glass based, and on the binder content. As most binders are phenolic based, their 
decomposition is largely similar to the decomposition of phenolic resins and foams scaled 
proportionally to the combustible organic content. Glass wool insulation will melt at much 
lower temperatures than stone wool (~700°C vs. ~1400°C).  
The fire toxicity of mineral wool products is largely insignificant for two related reasons. Firstly, 
they are mainly composed of non-combustible material, with only a small amount of 
combustible binder. This results in low yields of toxic gases relative to the total mass of 
insulation, thus requiring a significantly increased loading of material to produce a toxic 
atmosphere. Secondly, mineral wool materials do not achieve flaming combustion. Small 
amounts of binder or paint on the surface may flash on heating, but the vast majority of the 
material will not ignite. Non-flaming combustion normally leads to higher toxic product yields 
per mass of burned material than would be obtained during flaming combustion. However, the 
organic content of mineral wool materials is so low that the amount of toxic gases produced 
are, ultimately, negligible in terms of fire toxicity.  
As these materials do not ignite, it is not correct to assign an equivalence ratio but under non-
flaming conditions, toxic gases can still be assigned a yield for a specific temperature that the 
insulation is exposed to. Hull and Stec burned stone wool (SW) and a glass wool (GW) in the 
SSTF at 850°C and 825°C respectively, but did not achieve ignition. In both cases the materials 
produced insignificant yields of toxic gases. This was particularly evident when comparing the 
FEDs of all of the insulation materials they tested, as the SW and GW sample had FED values 
lower than even the least toxic combustible insulation materials in well-ventilated conditions79. 
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Subsequent literature available on the fire toxicity of mineral wool materials supports the 
yields reported by Hull and Stec. A RISE report by Blomqvist and Sandinge, published in 2018, 
assessed insulation materials in a number of different fire toxicity test methods85. The 
publication does not identify the specific type of insulation tested (e.g. PIR or phenolic foam 
for the polymeric foam materials), which limits the ability to assess the specific types of 
material and compare them to other literature. Elemental analysis of the materials by the 
authors provides clues to the specific type of insulation tested, but it is ultimately speculation 
as to which specific type of insulation each sample is. Regardless, the four mineral fibre 
materials analysed did not ignite in any of the tested conditions and were all found to produce 
insignificant yields of toxic products in the SSTF, CACC and SDC. This suggests that regardless of 
the specific type of mineral wool material (e.g. glass wool or stone wool), the yields of toxic 
gases produced relative to the total mass of insulation will be low due to the low organic 
binder content of the materials. 
Based on the literature available and the nature of the materials, mineral wool insulations are 
likely to produce small yields of CO (< 10 mg g-1) as well as small yields of nitrogenous products 
such as HCN and NOx (< 1 mg g-1). The yields will likely scale proportionally to the % binder 
content, as higher %s will have more organic content to produce toxic gas.   
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Chapter 2 
2.0 Experimental 
2.0.1 Materials 
14 commercially available insulation materials were selected for analysis (Table 7). A range of 
combustible and non-combustible insulations were chosen, with 7 PIR foams, 4 phenolic 
foams, 2 stone wool materials and 1 glass wool. Several of the foam insulation materials 
contained glass wool additives, either on the surface of the foam, or as an internal layer.  
Code Product Name Description 
PIR1 Celotex CG5000 PIR foam with internal glass fibre layer for cavity walls 
PIR2 Recticel Powerdeck B PIR foam with surface glass fibre layer for roof insulation 
PIR3 Kingspan ThermaRoof PIR foam for roof insulation 
PIR4 Kingspan QuadCore PIR foam for roof, wall and ceiling panels 
PIR5 Celotex RS5000 PIR with two internal glass fibre layers for façade applications 
PIR6 Celotex FR5000 PIR foam for pitched roofs, walls and floors 
PIR7 Kingspan TP10 PIR foam for pitched roof applications 
   
PF1 Kingspan K106 Phenolic foam for cavity walls 
PF2 Kingspan K5 Phenolic foam for external use in masonry walls 
PF3 Kingspan K15 Phenolic foam for external rainscreen and masonry façade use 
PF4 Xtratherm Safe R Phenolic foam for external wall rainscreens 
   
SW1 Rockwool Spanrock ZL Stone wool material for cavity walls 
SW2 Rockwool Duoslab Stone wool for external wall rainscreens 
GW1 Knauf Ecose Glass wool for external wall applications  
 
Table 7 Material ID codes and descriptions 
 
  
48 
 
2.0.2 Elemental Analysis 
CHNS Analysis: CHNS analysis was performed using a Thermo Scientific Flash 2000 Organic 
Elemental Analyser. 2-3 mg was analysed from the main foam or mineral component of the 
sample. The external facing of the phenolic and PIR foam samples was not included in the 
analysis. The mineral wool samples did not have any outer facing material, and were analysed 
directly.  
X-Ray Fluorescence (XRF) Analysis: Qualitative XRF analysis was performed using a Bruker 
Trace IV-SD handheld XRF at 25 keV. Samples were prepared by removing any outer facing and 
cutting off a small amount of foam or mineral wool. This small sample was then inserted into a 
32 mm XRF sample cup with a Mylar sheet between the sample and the x-ray window. To 
increase the contact area and improve the data recorded, the foam samples were pressed 
down and held in place inside the sample holder. The analysis was then repeated in triplicate, 
with a new sample each time, in order to account for any potential variation in elemental 
composition throughout the sample. No such variation was observed for any of the materials 
tested in the three analyses.  
SEM-EDX: Qualitative energy dispersive X-ray spectroscopy (EDX) was performed using a FEI 
SEM-EDX at 25 keV. Small pieces of foam or mineral wool were attached to an adhesive carbon 
pad on a standard 12.7 mm pin stub. Similarly to the XRF analysis, EDAX analysis was 
performed in triplicate in order to ensure a consistent elemental profile on the materials 
tested.   
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2.0.3 Steady State Tube Furnace  
Fire toxicity was measured in the ISO/TS 19700 Steady State Tube Furnace in accordance with 
the standard61. Each material was tested in three fire conditions that are outlined in ISO 19706: 
fire stage 2 (well-ventilated flaming), fire stage 3a (small under-ventilated flaming) and fire 
stage 3b (large under-ventilated flaming)5. Samples were prepared by cutting an 800 mm strip 
of foam or mineral wool that weighted ~20 g. Outer facing layers on the foam samples were 
removed so that only the foam component was included in the test. The sample was then fed 
into the furnace at 40 mm min-1 which resulted in a mass feed rate of ~ 1 g min-1 of sample. In 
fire condition 2, the primary air flow was set at 10 L min-1 and the secondary air flow was set to 
40 L min-1. In fire condition 3a and 3b, a primary air flow of 2 L min-1 and a secondary air flow 
of 48 L min-1 was used. This reliably resulted in the desired equivalence ratios in all of the tests. 
The air flows of both the primary and secondary air were regulated to the set flow rates 
described by Brooks Instruments 0254 mass flow transmitter with Brooks Instruments GF 
Series Thermal Mass flow controllers to ensure consistent air flow throughout the tests.  
CO2 concentration throughout the test was measured using non-dispersive infrared (NDIR). CO 
was measured using an electrochemical cell with a range up to 20,000 ppm. Oxygen 
concentration was measured using paramagnetic analysers. Each analyser was protected from 
moisture and soot by a combination of glass wool soot traps, silicone-gel drying agent, and 50 
μm microporous (Hepavent) filters.  Sampling for HCN was achieved by pumping effluent at 1 L 
min-1 for the duration of the steady state (a minimum of 5 minutes) into a Drechsel bottle 
containing 150 mL 0.1 mol L-1 NaOH. A second Drechsel bottle containing the same again was 
connected in series after the first to ensure no losses of HCN. Sampling for acid gases was 
achieved using a similar bubbler arrangement and effluent flow rate, this time utilising 100 mL 
deionised water in the first  Drechsel bottle and 50 mL in the second  Drechsel bottle for the 
duration of the steady state.  
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2.0.4 Cone Calorimeter 
The insulation materials were analysed using a Govmark model CC-2 cone calorimeter in 
accordance with the ISO 5660 standard (Figure 15)14. The samples were prepared by removing 
any outer facing material so that only the foam or mineral wool was involved in the test. The 
foam or mineral wool samples were then cut to 100 x 100 x 25 mm and wrapped in foil around 
the outer edges leaving only the top face exposed. Each material was tested in triplicate at a 
heat flux of 50 kW m-2 without the sample frame or wire grill. Any samples that did not ignite 
were allowed to pyrolyse under the cone heater for 30 minutes to ensure that they were not 
able to achieve ignition at that specific heat flux after prolonged exposure. 
 
Figure 15 The Govmark CC-2 Cone Calorimeter  
CO2 and CO were sampled throughout the duration of each test using NDIR for on-line 
measurement. Additional sampling was performed to measure HCN in the fire effluent. To 
achieve this, a 4 mm ID stainless steel sample probe was inserted into the exhaust duct of the 
cone calorimeter next to the position that the standard smoke and gas analysis is performed. 
The probe measured 1 m in length and was then connected directly to an LDPE line. The 
effluent was then pumped through the probe and LDPE line at 1 L min-1 into a Drechsel bottle 
containing 50 mL of 0.1 mol L-1 NaOH (aq). The sampling system was open ended, venting out 
into the extraction hood above the cone calorimeter. The HCN sampling was performed for the 
duration of each test. In order to ensure that the sample probe did not become blocked with 
soot, the probe was removed and cleaned at regular intervals during the testing programme.  
51 
 
2.0.5 Single Burning Item Tests 
SBI testing was performed in accordance with EN 13823 at the European Fire and Conductivity 
(EFiC) laboratory in Denmark (figure)20. Only a limited selection of samples were analysed due 
to limited access to the test facility and the high relative cost per test. The four samples 
included PIR1, PIR3, PF1 and SW1. All four of the samples were tested in duplicate with each 
mounted without modification to recreate their state in real-life applications. This included 
leaving the external facing on the foam samples. Each sample was mounted on the L-shaped 
rig with a large wing and small wing at a right angle to create a corner. A gas burner with a 
heat release rate of 30 kW (the single burning item) was applied to the corner of the sample 
for the duration of the 21 minute long test. After the test, the remains of the samples were 
weighed to calculate mass loss.  
 
Figure 16 Schematic of the EN 13832 SBI test apparatus86 
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The effluent generated during each SBI test was collected in a large hood and removed by an 
extraction system. CO2, CO and O2 measurements were taken from within the extraction 
system to provide on-line measurement throughout the duration of the test. In addition to the 
gases measured as required by the standard, additional sampling was performed for HCN using 
portable gas analysis equipment (which is described in detail in the following section). A 1m 
long, 4 mm ID stainless steel probe was inserted into the exhaust duct of the SBI apparatus. 
This probe was then connected to LDPE line which was inserted into the sampling system. 
Effluent was pumped at 1 L min-1 into Drechsel bottles containing 150 mL of 0.1 mol dm-3 
NaOH (aq). The initial Drechsel bottle was used for 6 minutes, before switching to subsequent 
Drechsel bottles every 5 minutes until the end of the test.  
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Portable Gas Analysis Equipment 
In house portable analysis equipment was constructed to sample fire effluent into Drechsel 
bottles at a known and controlled flow rate (Figure 17). Drechsel bottles were connected to up 
to 7 parallel lines using silicone tubing and LDPE line splitters. Each Drechsel bottle was then 
connected to a solenoid valve which can be independently opened and closed using a switch. 
Flow through the system is provided by a Charles Austen d5 SE air pump controlled with an 
adjustable flow valve. By using the switches on the solenoid valves, flow through the desired 
Drechsel bottle can be achieved, as well as quick switching to the next Drechsel bottle during a 
test without loss of flow. The effluent itself is pumped is into the system using LDPE tubing, 
which then comes into contract with silicone tubing, and the LDPE line splitters inside the 
system. The effluent does not come into contact with any of the metal components in the 
system. The volumetric flow through the equipment is recorded continuously by an Omega 
3100 series 0-5 L min-1 flow meter. Both the pump and filter were protected by 50 μm 
microporous (Hepavent) filters. The system accumulates soot over time, requiring regular 
maintenance of the sampling lines and line splitters to prevent blockages during a fire test. In 
the event of a fire test that is producing particularly high volumes of soot, then additional 
Dreschsel bubblers filled with water can be connected after the sampling bottles to act as soot 
trap. 
 
Figure 17 Schematic of the portable gas analysis equipment used during the SBI testing87 
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2.0.6 Quantification of Hydrogen Cyanide by Colourimetric Spectrophotometry 
HCN Sampling from Fires: 
Fire effluent was bubbled into a Drechsel bottle containing 150 mL of 0.1 mol L-1 aqueous 
sodium hydroxide (NaOH) at 1 L min-1 for 3 to 5 minutes. A second Drechsel bottle, also 
containing 150 mL of 0.1 mol L-1 NaOH (aq), was added in sequence to quantify any HCN carry-
over. The HCN quantified for each bubbler was summed to give the total HCN sampled. These 
conditions are generally suitable for a range of common fire tests, but may be modified as 
needed to ensure optimal HCN trapping, for example in the cone calorimeter were a volume of 
50 mL was used. 
Reagents: 
All reagents were purchased from Sigma-Aldrich. The following solutions were prepared: 
Reagent A containing 1 mg mL-1 chloramine-T in deionised water;  Reagent B containing 7.5 mg 
mL-1 isonicotinic acid, 1.5 mg mL-1 1-phenyl-3-methyl-5-pyrazolone and 10% v/v dimethyl 
formamide (DMF) in deionised water; a buffer solution at pH 7.2, using sodium hydrogen 
phosphate and potassium dihydrogen phosphate.  
Method: 
The following steps were repeated for a blank sample, a range of standards (up to 8.0 ppm 
CN-) and the unknown samples. Several analyses were performed sequentially by adding the 
reagents to unknown samples, with a fixed delay (i.e. adding reagent A to sample 1 at 0 
minutes, sample 2 at one minute, etc. and then reagent B to sample 1 at 5 minutes, and to 
sample 2 at 6 minutes, etc.). 
The following reagents were added, in sequence, to a test tube (or other suitable vessel): 1 mL 
of cyanide containing sample solution; 9 mL of deionised water; 4.5 mL of phosphate buffer; 2 
mL of reagent A. 5 minutes after the addition of reagent A, 4.5 mL of reagent B were added.  
35 minutes after the addition of reagent A, the sample solution was analysed using an 
ultraviolet-visible (UV-Vis) spectrophotometer at λ = 638 nm in both a 4 cm and 1 cm cell. The 
absorbance was recorded for each standard and unknown sample. The absorbance of the test 
solutions was then compared with the absorbance of the calibration standards to calculate the 
concentration of cyanide ions in the original solution. If the absorbance of the unknown 
samples exceeded the absorbance of the 8.0 ppm standards in the 1 cm cell, or the absorbance 
of the 2.0 ppm standards in the 4 cm cell, the unknown sample was diluted by 50% and the 
analysis repeated.   
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The total HCN sampled (in mg) was calculated using the following equation: 
𝐻𝐶𝑁𝑚𝑎𝑠𝑠 = [𝐶𝑁
−] × 𝑉𝐴𝑠 × (27/26) 
Where 
HCNmass is the total mass of HCN sampled in mg 
[CN-] is the concentration of cyanide ions in the absorbing solution in mg/L 
VAS is the total volume of the absorbing solution in L 
(27/26) is the factor that converts cyanide ions to HCN 
 
The concentration of HCN in the fire atmosphere sampled was calculated using the following 
equation: 
[𝐻𝐶𝑁] = 𝐻𝐶𝑁𝑚𝑎𝑠𝑠  ÷  𝑉𝐸𝑓𝑓 
Where 
[HCN] is the concentration of HCN in the atmosphere sampled, in mg L-1 
VEff is the total volume of effluent sampled 
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2.0.7 Quantification of Acid Gases by High Pressure Ion Chromatography 
Acid Gas Sampling from Fires: 
Acid gases were trapped by bubbling effluent at a known flow rate into a known volume of 
deionised water. The conditions utilised in the SSTF, as previously described, were bubbling 1 L 
min-1 of the effluent into 100 mL of deionised water. A second bubbler was connected in series 
to the first, containing 50 mL of deionised water. The acid gases quantified in each could then 
be combined to give the total quantified acid gases from that specific test.  
Standard preparation: 
The following sodium ion salts were purchased from Sigma-Aldrich: sodium chloride, sodium 
bromide, sodium nitrite, sodium nitrate, sodium nitrate and sodium dihydrogen phosphate. 
Standard solutions were prepared by dissolving the appropriate amount of sodium salt 
precursor into deionised water to achieve the desired ion concentration. Solutions were 
prepared ranging from 1 to 25 ppm of the target ion. An additional solution containing all 7 
target ions was also prepared to assess whether their combined presence affected the 
quantified concentration of any individual ion. No such affect was observed. 
Method: 
Acid gas quantification was achieved via High Pressure Ion Chromatography (HPIC) using a 
Dionex ICS-2000 with an IonPak AS11 column heated to a constant temperature of 30°C. In 
order to achieve appropriate separation of the target ions a mobile phase containing an 
increasing gradient of KOH was used at a concentration of 1 nmol mL-1 KOH for the first 14 
minutes, increasing linearly to 10 nmol mL-1 at 20 minutes.  
Sample solutions were filtered and 0.1 mL of filtrate was injected into the HPIC for analysis. 
The concentration of ions in solution was then quantified against the standard concentration 
curves. Any samples that were out of range were diluted by half and re-analysed. From the 
concentration of ions in solution, the concentration of each acid gas in the sampled effluent 
was then quantified using the known flow rate of effluent and sampling duration.   
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Chapter 3 
3.0 Results and Discussion 
3.1 Development and Optimisation of HCN Quantification in Fires 
As discussed in section 1.2.3, HCN is a significant toxic component of the combustion of 
nitrogen containing materials. As a result, it was considered necessary to compare our current 
method, the ISO 19701 chloramine-T/isonicotinic acid method, to available alternatives and 
ensure that it was optimised for accuracy and reliability. The final optimised method can be 
found in the experimental section - chapter 2.  
3.1.1 Comparison with other methods for quantifying HCN: 
Methods for the determination of cyanide ions in solutions have generally been designed for 
use in the analysis of soil, water, food and biological fluids88. Historically, spectrophotometric 
methods have been used to determine the concentration of cyanide ions in solution. Examples 
of these methods included the use of iron salts (forming iron cyanide complexes), picric acid 
derivatives and barbituric acid derivatives89. However, many of the reagents used are highly 
toxic or carcinogenic. Alternative, fluorometric, chemiluminescent and potentiometric 
procedures have been developed, but require the use of specialised equipment. 
ISO 19701 describes various methods for the quantification of acute toxicants present in fire 
effluent, including three methods for the quantification of HCN. Two of the methods utilise 
colourimetry (one using a chloramine-T/isonicotinic acid based reaction, the other using a 
picric acid reaction) while the third method utilises High Pressure Ion Chromatography (HPIC) 
with a specialised detector90. 
The picric acid method in ISO 19701 is similar to historic methods, but has been developed for 
fire analysis and involves the reaction of picric acid with cyanide ions in solution to produce a 
red coloured complex that absorbs at approximately 480 nm91. The reaction is relatively quick 
but is dependent on a number of analytical variables, including reaction time and temperature, 
which increases the potential for experimental variation92. 
HPIC is also a well-established method for the quantification of HCN. However, much of this 
analysis has been performed for soil, water and other matrices that contain relatively low 
concentrations of cyanide and other compounds. ISO 19701 notes that HPIC columns can be 
sensitive to fire-effluent solutions and they can quickly become blocked. Routine fire sample 
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analysis can result in the rapid aging of HPIC columns, requiring special care and extra sample 
preparation to minimise the detrimental effect to the analysis93.  
ISO 19702 describes the use of Fourier Transformed Infrared (FTIR) Spectroscopy for the 
quantification of toxic species in fire effluents, including HCN94. While FTIR is a powerful 
technique for gas analysis, it has a high cost both in terms of equipment and time spent to 
analyse the spectra generated. This problem is particularly compounded in complex gas 
mixtures (such as fire effluent) with overlapping peaks which require complex analysis and 
interpretation. Automated analysis software does not provide a complete solution, as complex 
mixtures can result in over- or under-estimation of HCN, as a result of spectral interferences.  
The use of pyridine and pyrazolone reagents for the quantification of cyanide has been well 
known for almost 100 years95. However, the method outlined in ISO 19701 uses isonicotinic 
acid in place of pyridine, as it is less toxic, while also cheap and readily available. Chloramine-T 
is reacted with cyanide to produce cyanogen chloride, which is further reacted with a mixture 
of isonicotinic acid and 1-phenyl-3-methylpyrazol-5-one to produce a blue dye. The presence 
of a carboxyl group on the dye also improves its water solubility, reducing the need for organic 
solvents.   
59 
 
3.1.2 Chemistry of the Chloramine-T/Isonicotinic acid method: 
Early work synthesising polymethine dye compounds using pyridines and pyrazolone 
compounds by Gehauf found that the reaction involved the breakage of the pyridine ring by 
cyanogen chloride, comparable to that reported in the Zincke pyridinium ring opening 
reaction96. However, Gehauf did not confirm the structure of the dye. Other reported 
structures, such as by Epstein, reported the structure of the dye incorrectly (commonly 
showing breaks in the alternating double bond chain, and/or incorrectly assigning hydroxyl and 
carbonyl oxygen atoms to the pyrazolone rings in the structure)7. The chloramine-T/isonicotinic 
acid method is similar to that reported by Gehauf and Epstein, utilising isonicotinic acid as the 
source of the breakable pyridine ring.  
The method utilises a multi-step reaction resulting in a polymethine dye product (Scheme 1). 
Trapped cyanide ions react with chloramine-T to produce cyanogen chloride. Cyanogen 
chloride reacts with isonicotinic acid, rupturing the aromatic ring to produce a carboxy-
glutaconic aldehyde product and producing cyanamide and hydrochloric acid as a by-product. 
This step is important, as the cyanide in the reaction mixture is eliminated, preventing it from 
interfering with the remaining reactants and removing the most toxic component of the 
reaction mixture. The carboxy-glutaconic aldehyde product then reacts with two 1-phenyl-3-
methyl-5-pyrazolone molecules producing the polymethine dye.  
The dye acts in agreement with Beer-Lambert law, having an absorbance directly proportional 
to the initial concentration of cyanide ions in the sodium hydroxide solution at λ = 638 nm. The 
concentration of cyanide ions and subsequently the amount of HCN sampled can be 
calculated.
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Scheme 1 a) Cyanide Ions b) Chloramine-T c) Cyanogen Chloride d) Isonicotinic Acid e) 1-cyano-4-carboxy-pyridinium chloride f) Carboxy-
glutaconic aldehyde product g) 1-phenyl-3-methyl-5-pyrazolone h) Polymethine dye product 
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3.1.3 Optimisation of Conditions: 
ISO 19701 states that ‘no data has been collected’ for the repeatability and reproducibility of 
the chloramine-T/isonicotinic acid method for the quantification of HCN – so several steps 
were taken to optimise the method and assess the potential for interferences from other 
products in fire effluent. 
Optimal Time to Analysis and Variations with Temperature: 
ISO 19701 states that the absorbance of the test solution should be measured ’30 minutes 
exactly after the addition of the chloramine-T solution’. However, this does not account for 
variations in reaction time as a result of temperature. The absorbance of three standard 
solutions was measured from the time of the addition of the reagents with varying 
temperatures. 18°C and 25°C were selected to represent normal laboratory temperatures, and 
35°C was selected to represent an unusually high temperature (Figure 18).  
As expected, there was some variation in the optimal time to analysis, with the 18°C sample 
taking the longest time to reach peak absorbance (at 35 minutes). As the temperature 
increased, the time to peak absorbance decreased with temperature, with the solution at 25°C 
reaching its optimal time to analysis at 32 minutes. The 35°C sample reached peak absorbance 
quickest at 26 minutes.  
When comparing the results between the samples at 30 minutes to their optimal time to 
analysis, both the 18°C and 25°C sample showed only minor difference in absorbance (~1%). 
This suggests that the influence of temperature in these ranges is negligible, but to ensure the 
most accurate result, the ideal time to analysis would be between 35-40 minutes, before the 
absorbance of the dye solution begins to decrease (it should be noted that this decrease is 
only minor, with losses of <0.005 up to 60 minutes at 18 and 25°C).  Even in cases of increased 
temperature, the solution remains at its peak absorbance up to 40 minutes before showing 
losses, as demonstrated by the 35°C sample.  
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Figure 18 Variation in the absorbance of the reaction as a function of time 
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Standard Calibration Data: 
Replicate testing was performed with calibration standards to ensure their accuracy and 
consistency (Table 8). Data was taken from 20 analyses of 5 different concentrations of the 
standard, using both the 4 cm and 1 cm absorbance cell (the 4 cm cell does not give linear 
absorbance above 2.0 ppm CN-, but provides greater sensitivity at CN- concentrations below 
2.0 ppm). Variance in the measurements is reported as relative standard deviation (SD). The 1 
cm cell showed higher SD at lower concentrations but this decreased with increasing 
concentration of cyanide ions. In each case the % SD is below 10% and in the conditions used 
for analysis the value lies between 2 and 4%.  
Concentration of Cyanide 
Ions (ppm CN-)  
4 cm Cell Absorbance/ Absorbance ± 
SD (%) 
1 cm Cell Absorbance/ 
Absorbance ± SD (%) 
0.3 0.219 ± 0.008 (3.71%) 0.055 ± 0.005 (8.60%) 
0.8 0.545 ± 0.013 (2.38%) 0.143 ± 0.006 (4.34%) 
2.0 1.168 ± 0.015 (1.29%) 0.355 ± 0.007 (2.04%) 
5.0 - 0.806 ± 0.024 (2.98%) 
8.0 - 1.189 ± 0.023 (1.95%) 
 
Table 8 Absorbance of the standard cyanide solutions for the 4 cm and 1 cm cells 
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Sample Stability Testing: 
Sample stability in solution was tested by generating an HCN sample in the ISO/TS 19700 
Steady State Tube Furnace (SSTF). The sample was immediately divided equally into separate 
sample bottles. One half of the resulting sample solution was stored at 5°C and the other half 
at 21°C for 31 days. Both were stored in airtight polypropylene bottles.  
Both samples were tested immediately (Table 9) and showed similar absorption with 
acceptable random variation (comparable to that observed in Table 8). When compared to 
their absorption 31 days later, the samples showed small losses from storage, unsurprisingly 
showing slightly greater loss when stored at 21°C (-1.91% at 5°C, -3.42% at 21°C) (table 2). 
When calculated as the concentration in ppm of HCN in the SSTF, the difference over 31 days 
was small (-1.72 ppm at 5°C, -3.01 ppm at 21°C), which is likely to be less than the other limits 
of experimental error in a fire test.  
Sample 1 cm absorption (day 
0) 
1 cm absorption (day 
31) 
% Difference (day 
31) 
5°C 0.418 ± 0.005  0.410 ± 0.001  -1.91 
21°C 0.424 ± 0.008 0.409 ± 0.001 -3.42 
Table 9 Absorbance of a sample solution stored both in and out of a refrigerator 
 
This result indicates that the samples are fairly stable even when not cooled, reducing 
concerns of sample losses, for example when transporting samples from external testing 
locations or when samples cannot be immediately analysed.  
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Interferences: 
Sulphur compounds such as thiocyanates, sulphites and sulphates have been reported to 
interfere with chloramine-T based methods for quantifying cyanide97. Thiocyanate is reported 
to give a false positive by reacting with chloramine-T to produce chlorothiocyanate in a 
reaction similar to the reaction of cyanide ions with chloramine-T. Chlorothiocyanate goes on 
to react stoichiometrically to form the polymethine dye product giving a false positive result. 
However, the formation of thiocyanate in a fire has not been reported, suggesting this may not 
be a problem. Materials that may be of concern due to their sulphur content could include 
rubbers and phenolic foams/resins. 
To assess the potential for interference from other common components in fire effluent, a 
selection of ions (which are the product of the dissolution of acid gases (Table 10)) were added 
at 1 ppm (Figure 19) and 10 ppm (Figure 20) to a 2 ppm standard solution of cyanide ions. Two 
sets of each sample were prepared, one stored at 5°C and the other at 21°C. The samples were 
immediately analysed, then analysed again after 1 and 7 days.  
Ion Salt used Fire Gas 
Carbonate (CO32-) Sodium Carbonate 
(Na2CO3) 
Carbon Dioxide (CO2) 
Sulphite (SO32-) Sodium Sulphite 
(Na2SO2) 
Sulphur Dioxide (SO2) 
Sulphate (SO42-) Sodium Sulphate 
(Na2SO4) 
Sulphur Trioxide (SO3) 
Nitrite (NO2-) Sodium Nitrite 
(NaNO2) 
Nitrogen Oxide (NO) 
Nitrate (NO3-) Sodium Nitrate 
(NaNO3) 
Nitrogen Dioxide (NO2) 
Table 10 List of ions, the salt used to generate the ion, and the acid gas that produces those 
ions in solution. 
At concentrations of 1 ppm, carbonate and sulphate had little effect beyond their error range 
(Figure 19). Sulphite, however, resulted in losses of 9.5 to 12.5%. Both nitrite and nitrate 
resulted in losses ranging from 7 to 8%.  
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Figure 19 Effect of 1 ppm of potentially interfering ions on cyanide concentration at 5°C and 
21°C after up to 7 days (note concentration scale on y-axis).  
At 10 ppm, carbonate similarly showed no effect outside the range of error (Figure 20). 
Sulphite showed increased losses of 26-28% on day 0 which then improved to 13% after 24 
hours, possibly due to its oxidation to sulphate. After 7 days there was a small increase which 
fell within the errors inherent in the analysis.  
Sulphate had a larger effect at 10 ppm compared to 1 ppm, showing a difference of 7.5% and 
13%, at 5°C and 21°C respectively. Nitrite and nitrate showed increased losses at 10ppm at 
both 5°C and 21°C.  
In all cases, the difference between the 5°C and 21°C samples was small, suggesting that any 
interference is not significantly affected by temperature, and that it is an inherent interference 
with the chemistry occurring during analysis, rather than reactions occurring between ions in 
the sample solution. 
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Figure 20 Effect of 10 ppm of potentially interfering ions on cyanide concentration at 5°C and 
21°C after up to 7 days (note concentration scale on y-axis). 
The notable interference from sulphite can be explained by the reaction of sulphite ions with 
cyanogen chloride to produce cyanate ions98.  
Due to the complicated nature of the Zincke-like mechanism, it is no surprise that there is 
potential for interference from the cocktail of species present in fire effluents. However, in 
conditions with high levels of NO and NO2, HCN levels will be low and vice versa99.  This 
suggests, fortuitously, that interferences from NOx products may not be a concern in situations 
where HCN levels are at their highest (large under-ventilated flaming) and that when the fire 
conditions produce low levels of HCN, the effect of interference will be negligible in terms of 
fire toxicity.   
Published data on HCN production from burning materials supports this hypothesis. The HCN 
yields of polyurethane and polyisocyanurate foam were reported from the ISO/TS 19700 
Steady State Tube Furnace using the chloramine-T/Isonicotinic acid method of quantifying HCN 
as outlined in ISO 19701100. Yields fell well within the expected range for each specified 
ventilation condition when compared to readily available data in the literature57. Furthermore, 
the contribution of NO2 to the fire toxicity was negligible compared to the contribution of HCN 
in all ventilation conditions, indicating that the concentrations of NO2 generated are not high 
enough to significantly reduce the HCN below what is normally expected at a specific 
ventilation condition. 
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This leaves sulphur products as a major concern; however elemental analysis with methods 
such as X-Ray Fluorescence (XRF) can provide foreknowledge of the presence of sulphur in the 
sample. If sulphur is present, sulphur oxides can be quantified from the burning material and 
used to estimate the level of interference. Regardless, sampling for other acid gas products 
with methods such as HPIC (as outlined in ISO 19701) will identify the level of potential 
interferences for hydrogen cyanide measurements which can then be accounted for when 
HCN is quantified.  
Overall, the optimised chloramine-T/isonicotinic acid method for quantifying HCN is robust 
and reliable, with reagent temperature having little impact on the time to analysis, unlike the 
picric acid based methods presented in ISO 1970192. Further to this, the reagents used and the 
products of the reaction are less toxic than alternative methods. Interferences commonly 
expected in fire effluents do not have a significant impact, apart from sulphur oxides. 
However, this can be accounted for by pre-screening samples for their elemental composition. 
Analysis can be performed in sequence with little time between each sample, allowing for 
reliable relatively quick batch analysis, unlike alternative methods such as HPIC or FTIR. 
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3.2 Elemental Analysis and Material Composition 
The 14 insulation materials described in chapter 2 underwent elemental analysis using CHNS, 
XRF and SEM-EDX, the results of which can be found in Table 11. Knowing the chemical 
composition of commercial products is valuable in understanding their fire behaviour and, in 
particular, their fire toxicity.  
 The PIR samples all show similar compositions with roughly ~65% carbon, ~5-6.5% hydrogen, 
and ~7-8% nitrogen. The majority of the remaining polymer is likely to be oxygen. The 
presence of P and Cl are indicative of chlorinated organophosphate flame retardants which are 
added to the material during production to improve the material’s fire behaviour. Based on 
the % of carbon in the PIR foams, a theoretical upper limit of ~2.6 g/g CO2 can be calculated. 
However, this is unlikely to be reached, even in high temperature well-ventilated conditions 
due to the presence of the P and Cl based flame retardants acting as gas phase radical 
inhibitors, preventing the oxidation of CO to CO2 by the •OH radical. The variation in N content 
from 6.9-7.9% could result in differences in HCN yield of the PIR samples. While some research 
has gone into the fate of fuel nitrogen in polymeric materials11, no firm relationship has been 
established between PIR nitrogen content and HCN yield. 
The phenolic foam samples show more variation in their composition than the PIR samples but 
do have a similar carbon content. PF1-3 has 2-2.5% N but PF4 has notably less. The presence of 
N in the phenolic foam is attributed to the use of urea additives to improve the properties of 
the foam. Although phenolic foams are not expected to produce high yields of HCN, the 
presence of nitrogen means that some HCN will be produced during their decomposition. This 
poses the question whether there is a linear relationship between N content and HCN yield, or 
whether it is more specific to the chemical structure of PIR foams that results in their high HCN 
yields when burning.  
The sulphur content of the phenolic foams also shows some variation between the four 
samples. This could affect the fire behaviour of the foam, and could contribute to the fire 
toxicity of the burning foams through the release of organo-sulphur fragments and sulphur 
oxides.  
Similarly to the PIR foams, the remaining portion of the phenolic foams mass is also likely to be 
oxygen. The presence of P and Cl, again, indicates the presence of chlorinated 
organophosphate flame retardants. Unusually, P was not detected in PF1, but Cl was. This 
suggests the presence of a non-phosphorous-based chlorinated flame retardant, or when 
taking into consideration the increased N content compared to the other samples, could 
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indicate a chlorinated nitrogen-based flame retardant such as a chlorinated organo-
ammonium compound.  
As expected, the mineral wool samples are primarily composed of inorganic material with a 
small % of organic content. Of the combustible content, there is some difference between the 
three samples. SW1 contains significantly less nitrogen that the other two mineral wool 
materials, suggesting a phenol-formaldehyde based binder. The increased presence of 
nitrogen in the remaining samples could indicate a urea-formaldehyde binder. The remaining 
elements are comprised of metals and oxygen, which would be expected to be found in stone 
or glass.  
Sample C % H % N % S % Remaining 
% 
Elements 
detected by 
EDX/XRF 
       
PIR1 64.80 6.40 7.70 0.00 21.1 O, P, Cl 
PIR2 64.59 6.01 7.84 0.00 21.6 O, P, Cl 
PIR3 65.63 6.66 7.61 0.00 20.1 O, P, Cl 
PIR4 66.00 6.23 7.25 0.00 20.5 O, P, Cl 
PIR5 65.08 5.74 7.86 0.00 21.3 O, P, Cl 
PIR6 65.10 5.82 7.66 0.00 21.4 O, P, Cl 
PIR7 64.90 5.20 6.94 0.00 23.0 O, P, Cl 
       
PF1 60.81 6.65 2.46 2.76 27.3 O, S, Cl, K 
PF2 61.62 5.55 2.04 6.96 23.8 O, S, P, Cl 
PF3 60.84 5.60 2.01 7.10 24.5 O, S, P, Cl 
PF4 61.22 6.08 0.10 3.94 28.7 O, S, P, Cl 
       
SW1 3.29 1.29 0.10 0.00 95.3 
O, Mg, Al, Si, K, 
Ca, Fe 
SW2 0.30 0.10 2.50 0.00 97.1 O, Mg, Al, Si, Ca 
GW1 0.20 0.40 1.80 0.00 97.6 Na, Si, Ca, O 
 
Table 11 Elemental composition of the insulation samples 
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3.3 Reaction to Fire Assessment 
3.3.1 Cone Calorimeter 
All of the samples were successfully tested in the cone calorimeter at 50 kW m-2. Each 100 x 
100 x 25 mm was tested in triplicate with their outer facing material removed (i.e. foil on the 
PIR samples). The main outputs are reported in Table 12. The averaged heat release curve of 
the three tests for each material is presented in Figure 21. CO2, CO and HCN data collected is 
discussed in the fire toxicity section.  
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Sample Time to 
Ignition /s 
Peak HRR /kW m-2 Time to PHRR 
/s 
Total Heat 
Release /MJ m-2 
Smoke Production/ 
m2 m-2 
Mass Loss /% Time to extinction /s 
        
PIR1 2.4 ± 0.4 129.3 ± 2.4 15.5 ± 0.7 10.8 ± 3.4 168.2 ± 37.2 62.9 ± 13.8 214 
PIR2 1.8 ± 0.4 207.4 ± 4.0 14.5 ± 0.7 13.6 ± 0.3 347.73 ± 33.9 75.9 ± 2.1 208 
PIR3 1.4 ± 0.2 134.7 ± 9.6 15.0 ± 1.4 15.6 ± 5.7 232.2 ± 43.6 74.6 ± 14.5 389 
PIR4 1.5 ± 0.2 117.1 ± 3.4 13.3 ± 1.2 12.3 ± 1.6 108.6 ± 20.7 64.7 ± 4.8 341 
PIR5 1.5 ± 0.2 104.4 ± 6.2 14.3 ± 1.2 8.0 ± 0.1 136.2 ± 6.4 53.1 ± 1.0 149 
PIR6 1.1 ± 0.0 114.0 ± 7.3 14.4 ± 0.6 17.8 ± 1.9 226.9 ± 24.2 65.6 ± 1.6 390 
PIR7 1.4 ± 0.2 131.1 ± 17.1 12.0 ± 0.1 10.4 ± 1.0 234.2 ± 53.0 69.1 ± 2.7 211 
PF1 2.8 ± 1.0 68.5 ± 4.0 24.5 ± 2.5 18.2 ± 0.2 72.4 ± 2.0 96.0 ± 0.4 596 
PF2 8.60 ± 2.7 63.7 ± 5.5 20.0 ± 2.8 18.7 ± 0.7 14.3 ± 4.6 100.0 ± 0.1 686 
PF3 7.80 ± 3.7 62.0 ± 3.0 18.0 ± 3.6 17.6 ± 0.7 34.2 ± 9.8 98.4 ± 0.5 737 
PF4 8.8 ± 5.2 64.8 ± 3.0 20.7 ± 4.8 19.7 ± 1.0 60.4 ± 5.6 97.1 ± 0.8 985 
SW1 - 7.4 ± 1.5 28.3 ± 4.6 0.5 ± 0.1 15.3 ± 1.6 5.2 ± 0.9 N/a 
SW2 - 5.6 ± 1.1 25.0 ± 2.2 0.1 ± 0.1 35.2 ± 3.7 4.2 ± 0.8 N/a 
GW1 - 8.7 ± 0.8 36.5 ± 3.5 0.7 ± 0.1 9.4 ± 5.9 7.7 ± 2.6 N/a 
 
Table 12 Results of the Cone Calorimeter testing 
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Figure 21 Heat Release Rates of insulation materials measured in the Cone Calorimeter 
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The PIR samples all showed similar heat release curves, with the exception of PIR2 which had 
notably increased PHRR while maintaining a middling THR. None of the PIRs tested burned for 
longer than 400 s, with the majority of the heat released in the first 100 s. Several of the PIR 
foams also showed a second, lower peak after the first (Figure 22). PIR foams are well-known 
to form a protective char layer after initially swelling on heating. As the foam swells closer to 
the cone heater, the protective char layer is diminished, allowing more foam to burn, resulting 
in a second sharp peak release. Once the protective char layer is stable, the heat release 
declines rapidly and the material burns out, resulting in ~53 to 76% of its mass lost.  
 
 
 
Figure 22 Heat release rates of PIR samples in the cone calorimeter 
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In terms of other measured characteristics, the PIR foam materials show some variability, 
which reflects their diverse chemistry. What does remain consistent is their short time to 
ignition and time to reach PHRR, suggesting a high ignitability when exposed to a radiant heat 
source at 50 kW m-2. The difference in THR between the highest and lowest of the foams (PIR6 
and PIR5) was over double, even when both showed similar PHRR. There was, however, a 12% 
difference in their mass loss. This demonstrates that differences in chemistry of PIR foams can 
cause their protective char layer to be more or less effective, resulting in different amounts of 
fuel burning. PIR foams are also well established to have high smoke production, which as 
observed in the cone calorimeter, but with high variation between the individual samples. PIR2 
had significantly higher smoke than the other materials, with PIR4 producing the least. This 
high variation in smoke production could be explained by a combination of differences in 
formulation and differences in fire retardant loading. 
The phenolic foam samples showed less variability in many of their measured characteristics 
when compared to the PIR foams in the cone calorimeter. All four samples had heat release 
curves that followed a similar trend, and the recorded peak heat release values were relatively 
similar (~60-70 kW m-2). After ignition the heat release curves increased to their peak before 
declining over a longer duration than the PIR samples.  This is due to the lack of a protective 
char formation, leading to continued burning and THR values similar to that of the highest PIR 
(PIR6). The lack of a protective char layer also results in the phenolic foams not producing a 
second sharp heat release peak, instead declining after the initial peak and then achieving a 
quasi-steady burn. All 4 phenolic foams had significantly longer times to extinction as a result 
of this, with PF4 burning for over twice as long as the longest PIR foam. This steady burning of 
the phenolic foams also results in high mass loss values reaching close to 100% for all four 
samples. The smoke production of the phenolic foams had a fairly diverse range between the 
four samples, suggesting that the differences in formulation (and possibly flame retardant 
content) have a notable effect on their smoke production.  
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The three mineral wool materials did very little in the cone calorimeter due to their high non-
combustible content. None of the mineral wool samples achieved ignition, and were allowed 
to pyrolyse for a full 30 minutes, as per the standard. In Figure 21, the heat release curves have 
been cut off from the graph at 500s for the sake of presentation. All three materials had low 
PHRR values and their heat release curves did not show any notable peaks, instead just 
steadily pyrolysing over the duration of the test. Between the three mineral wool materials, 
GW1 had the highest PHRR and THR, despite not having the highest binder content. SW2, 
interestingly, had a significantly higher smoke production than SW1 and GW1, although the 
smoke production for all three materials was still relatively small. The differences between the 
mineral wool samples is largely determined by the combination of binder content and 
formulation, but these differences are insignificant when compared to the results of materials 
with a high combustible content.  
A comparison of the organic content of the mineral wool samples with their observed mass 
loss observed in the cone calorimeter draws attention to the issues presented by weighing 
small mass-losses in the cone calorimeter over long test durations. SW1, SW2 and GW1 have 
4.7, 2.9 and 2.4% (±0.1%) organic content respectively; however their measured mass loss 
values are notably higher. This is a result of error in the load cell measurement while the load 
cell is exposed to high heat flux for 30 minutes. Based on the prolonged exposure to a high 
heat flux it would be reasonable to assume that the small amount of organic content within 
the mineral wool samples was completely decomposed.  
A comparison of the PIR, phenolic and mineral wool sub-groups of insulation materials 
highlights distinct differences in their fire properties. Both foam groups (PIR and phenolic) 
ignited rapidly, with the PIR samples igniting almost instantly. The PIR samples also had much 
higher PHRR values and reached their PHRR more quickly than the phenolic samples. While 
their PHRR values were lower, the phenolic foams continued to burn for longer, releasing more 
heat in total than the PIR foams and losing more mass. Both types of foam also produced 
varying quantities of smoke within their respective sub-groups, but the PIR foams produced 
more smoke on average, with values upwards of 10 times the smoke production of the mineral 
wool samples.  
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When compared with the foam samples, the mineral wool materials showed significantly 
reduced ignitability and flammability by not igniting for burning. In terms of fire properties, the 
mineral wool materials had values lower than the foam samples in every measured 
characteristic in the cone, apart from higher time to PHRR, from a fire safety point of view, is a 
desirable result.  
The clear differences between the foam and mineral wool samples highlights the potential fire 
hazards that combustible foam materials present. The rapid fire growth for both the PIR and 
phenolic foams results in a large amount of heat being rapidly released which could promote 
further fire growth and flame spread. The PIR is particularly problematic because of its high 
PHRR values. The phenolic foams also present a fire hazard by burning steadily, potentially 
sustaining an enclosure fire and supporting flame spread, particularly if installed as a façade on 
a building. These hazards are compounded by the significant smoke production observed for 
many of the foams, which can severely hinder the ability of a person to escape by reducing 
visibility and having potentially irritating effects on the eyes and respiratory tract. Meanwhile, 
the mineral wool materials are unlikely to contribute to any of these issues in a fire.  
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3.3.2 Single Burning Item 
As described in chapter 2, SBI testing was performed at the Denmark based European Fire and 
Conductivity (EFiC) laboratory in accordance with the EN 13823 standard. Due to limited access 
to the equipment, and a relatively high cost per sample tested, only a small selection of 
samples were taken in order to assess the viability of fire toxicity measurement in a standard 
SBI apparatus. The full discussion on fire toxicity measurements in the SBI is found in 3.5. The 
reaction-to-fire data generated is reported here for completeness. The samples were tested in 
a state reflective of their end-use application, and as such were left with the original out facing 
material attached, unlike in the cone calorimeter. A summary of the main outputs of the SBI 
testing can be found in Table 13. The full output reports, including heat release curves, can be 
found in appendix A.  
The four materials showed clear differences in their fire behaviour. The two PIR samples had 
significantly different FIGRA values. PIR3s fire growth rate was much quicker, reaching a PHRR 
of almost double that of PIR1. However, the THR600s shows that relatively similar amounts of 
heat were released by both PIR foams in total. Similarly, PIR3 had a higher SMOGRA, but 
comparable TSP600s to PIR1. This indicates that PIR3 produced smoke rapidly, while PIR1 
released a similar amount of smoke steadily over the duration of the test. PF1 had the highest 
FIGRA recorded, with a similar THR to the PIR samples, suggesting that the fire grew rapidly, 
and then burned steadily. SW1 did not ignite in the SBI test and as such produced little heat or 
smoke.   
79 
 
Sample Test Mass Loss 
/% 
FIGRA 0.2 
MJ /W s-1 
FIGRA 0.4 
MJ /W s-1 
THR 600s 
/MJ 
SMOGRA 
/m2 s-2 
TSP 600s 
/m-2 
PIR1 1 5.7 273 252 4.7 45 96 
 2 4.3 332 279 5.2 40 88 
PIR3 1 6.5 1241 1232 7.7 93 125 
 2 7.0 1072 1054 7.1 67 111 
SW1 1 0.9 0 0 1.0 0 15 
 2 0.9 3 3 1.0 0 14 
PF1 1 19.6 1551 1550 8.2 6 97 
 2 33.2 1518 1518 8.0 5 66 
 
Table 13 Results of burning insulation materials in the SBI apparatus 
The mass loss data generated from the SBI testing produced some unusual results. Compared 
to their cone calorimeter results, the foam samples had significantly decreased mass loss. This 
disparity was most extreme for the PIR samples with 4-7% mass loss in the SBI but 60-75% 
mass loss in the cone calorimeter. The first reason for this result is that the SBI test is a less 
severe fire test scenario than the cone calorimeter at 50 kW m-2. Secondly, PIR foams, in 
particular, have a number of properties that protect them in this particular scenario. Direct 
application of flame to PIR foams causes the area in contact with the flame to rapidly char. In 
accordance with the SBI standard, the PIR foams were tested with their aluminium foil facing. 
This is able to reflect radiant heat away from the foam, further protecting it from the indirect 
radiant effects of the flame. This combination of factors allows the PIR materials to minimise 
mass loss and improve the resulting performance in the SBI test. An example of these 
properties providing protection against a severe attack by flame can be observed by directly 
applying a blow torch to a sample of foam. The blow torch rapidly chars the foam in its contact 
area, and the surrounding foil reflects away the remaining heat; effectively protecting the 
foam from ignition or any significant mass loss.  
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In comparison with the rest of their cone calorimeter data, the samples tested in the SBI did 
not produce coinciding results. PIR1 had a significantly lower PHRR than PIR3 in the SBI, where 
in the cone their results were similar. All three foam materials also produced similar total 
quantities of smoke, while in the cone calorimeter; PF1 produced notably less smoke than the 
PIR samples. These differences could be explained by the low mass loss recorded in the SBI 
test. Had the PIR foams burned more extensively, their total smoke production may have been 
much higher and the disparities in heat release rate between PIR1 and PIR3 may have 
narrowed.  
The overall performance of these materials in the SBI test is not entirely unexpected. As it is an 
essential part of the Euroclass system, manufacturers are able to design their products to 
perform optimally in that specific test scenario. This is an inevitable result of manufacturers 
competing to have marketable ‘fire safe’ construction products and may result in products 
reaching consumers that perform optimally in specific conditions but are not representative of 
their real-life fire performance. This is highlighted by the previously mentioned example of 
applying a blow torch to a foam insulation material for several minutes and it not achieving 
ignition. This could lead to consumers believing these foam materials are highly fire resistant 
due to their ability to resist what is perceived to be a severe attack by flame. In reality, foam 
insulation materials are combustible materials and can be ignited, for example by molten 
polyethylene drips, which are suspected to have contributed to the rapid flame spread of the 
Grenfell Tower Fire101.   
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3.4 Fire Toxicity Assessment 
Fire toxicity data was generated in the Steady State Tube Furnace in accordance with ISO/TS 
19700. 3 tests were performed on each material to recreate fire conditions 2, 3a and 3b from 
ISO 197065. These conditions represent well-ventilated flaming, small under-ventilated flaming 
and large under-ventilated flaming. Each sample was cut into 800 mm strips with the outer 
facing materials removed. In many cases, the foam samples would begin to swell and bend 
during the under-ventilated tests (fire stage 3a and 3b). This would negatively affect air flow 
and commonly resulted in a poor steady state burn. In order to overcome this, the 800 mm 
samples were cut into thirds and then pinned together. The pinned samples would distort less 
during the under-ventilated tests resulting in a stable steady state.  
Toxic product sampling was achieved by on-line measurement of CO2 by NDIR, CO by 
electrochemical cell and O2 by paramagnetic sensor. HCN and acid gases were sampled by 
bubbling effluent at 1 L min-1 into bubblers containing 0.1 mol dm-3 NaOH and deionised water 
respectively, followed by post analysis to determine the measured HCN or acid gases. For HCN 
analysis, two bubblers were chained together containing 150 mL of trapping solution. For acid 
gas analysis, the first bubbler contained 100 mL and the second contained 50 mL. Sampling 
was performed for 5 minutes when the test reached a steady state burn – usually during the 
final 5 minutes of the 20 minute long test.  
As expected from their performance in the cone calorimeter, the mineral wool samples did not 
ignite in the standard temperature range. In accordance with ISO/TS 19700, the mineral wool 
samples were tested at increasing temperatures up to 900°C and, again, did not ignite. The 
results of the mineral wool samples are presented in the same three conditions as the foam 
samples for completeness, but due to their lack of ignition it is not correct to assign an 
equivalence ratio.  
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3.4.1 Steady State Tube Furnace Results 
The complete results (including equivalence ratios, mass loss and yields with errors ranges) for 
the SSTF testing of the insulation materials can be found in appendix B.  
The mass-charge yields of CO for the foam samples against the equivalence ratio of the test 
can be found in Figure 23. The yields of CO in well-ventilated conditions were higher than 
expected for a pure burning polymer in the same condition. This is due to the presence of 
chlorine in the polymers, which acts as a gas-phase radical inhibitor, preventing the complete 
oxidation of CO to CO2 by the hydroxyl radical (•OH). PIR2 and PIR7 had notably higher CO 
yields in fire stage 2; despite not having a significantly different equivalence ratio or mass loss 
compared to the other PIR samples. 
 
Figure 23 CO Yields against equivalence ratio for burning insulation materials in the SSTF 
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From well-ventilated to under-ventilated conditions, significant increases in CO yield were 
recorded for all 7 PIR samples. A relatively wide range of yields from ~0.200 to ~0.400 grams of 
CO per gram of polymer were quantified. PIR 7 again showed the highest CO yield, with a yield 
of 0.416 g/g in fire stage 3b. No clear trend can be observed for CO yield between fire 
condition 3a and 3b, with some samples increasing and while others decrease. This suggests 
that temperature is not a major factor in determining the yield of CO in under-ventilated 
conditions, and the variation in CO yield is driven by other factors such as polymer 
formulation.  
The phenolic foam samples followed similar trends to the PIR samples in terms of CO yield. All 
four samples had slightly elevated CO values in fire stage 2, again probably due to the presence 
of chlorine in the samples, interrupting the complete oxidation of carbon. In under-ventilated 
conditions, yields ranging from 0.170 to 0.320 g/g were observed, with PF2 and PF4 reaching 
similarly high yields of CO (0.320 and 0.317 g/g respectively). In each case, the yield of CO 
decreased from fire stage 3a to 3b.  
The yields of CO quantified for the mineral wool samples were all low. The low carbon content 
of the samples, and their high non-combustible content, results in CO yields lower than those 
of the foam samples burning in well-ventilated conditions. Of the three samples, SW1 had the 
lowest yield, with SW2 having a higher yield, and GW1 having the highest yield of CO. This 
trend is, unusually, the opposite of the carbon content of the samples. This could be a result of 
binder formulation or distribution in the sample, but due to the low yields of CO, it is 
insignificant compared to the yields of CO from carbonaceous materials such as the PIR and 
phenolic foams.  
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An interesting trend observed from the mineral wool samples is that the yields of CO 
decreased from well-ventilated to under-ventilated conditions. This could be due to the 
reduced air flow allowing the effluent to spend increased time in the hot zone of the furnace. 
This would increase the amount of CO being oxidised to CO2 before entering the mixing 
chamber and cooling. However, the yields of CO2 from the mineral wool samples do not follow 
an inverse to this trend. This observation highlights that the SSTF was not designed for the 
assessment of non-combustible materials with solutions to this challenge are limited due to 
the nature of the materials being tested. One suggestion could be to adjust the mass feed rate 
to feed a sufficient amount of binder per minute into the furnace, however this still may not 
result in combustion. Alternatively, the binder component of the mineral wool could be 
assessed independently of the non-combustible component and the calculated toxicity scaled 
proportionally. This, however, may lack relevance because the mineral wool materials are still 
unlikely to result in flaming combustion in a real-life fire.  
A comparison of the CO yields of the three different types of insulation materials tested 
highlights clear differences between the foams and mineral-wool materials. The mineral wool 
materials are incapable of producing significant quantities of CO per gram of material because 
they lack the carbon content necessary. The phenolic and PIR samples, which are 
carbonaceous, produced relatively similar yields of CO, albeit with some PIR materials reaching 
higher yields. The yields of CO did exceed expectations in under-ventilated conditions for many 
of the samples based on knowledge gathered during the literature survey. This could be due to 
further development in foam manufacturing and changes in their composition, resulting in 
favoured fragmentation of the polymer to produce CO in under-ventilated conditions. Much of 
the literature available for PIR and phenolic foams in ventilation-controlled conditions was not 
performed in the last three years (2015-2018). While the 0.2 g/g CO yield is a useful diagnostic 
tool for identifying under-ventilated burning of simple polymers (such as polyethylene or 
polyamides, the data collected as part of this work indicates that complex polymers, like PIR 
and phenolic foams, can be expected to achieve up to double the yield of CO that simple 
polymers achieve in under-ventilated conditions.  
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HCN yields for the foam samples against the equivalence ratio of the test can be found in 
Figure 24. In well-ventilated conditions, the PIR foam samples produced yields of HCN ranging 
from 0.001 to 0.006 g/g. PIR7 produced the highest yield of HCN for the PIR foam samples. Like 
their CO yields, the yields of HCN for the PIR samples increased significantly in under-
ventilated conditions ranging from 0.010 to 0.020 g/g HCN. Again, like the CO yields, the yields 
of HCN did not necessarily increase from fire condition 3a to 3b (i.e. with increased 
temperature), despite what has generally been accepted in the literature. The original report 
of this phenomenon was by Saunders in 1959102 and was based on temperatures upwards of 
1000°C. This data suggests that the widely accepted trend of HCN yield increasing with 
temperature only becomes relevant at temperatures higher than those commonly used in fire 
testing and that ventilation condition is the primary driving factor in increasing HCN yield.  
 
 
Figure 24 HCN yield against equivalence ratio for burning materials in the SSTF 
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The remaining two groups of samples produced low yields of HCN in all three of the ventilation 
conditions compared to the PIR foams. In well-ventilated conditions, PF1 was the only sample 
of phenolic foam that produced detectable yields of HCN. In under-ventilated conditions the 
phenolic foams produced varying quantities of HCN. In fire condition 3b, PF3 had a HCN yield 
comparable to that of PIR foam in well-ventilated conditions. The remaining three samples, 
however, produced notably less. The mineral wool samples produced detectable but low yields 
of HCN. Their low organic content and subsequently low nitrogen content, results in very little 
HCN production as they pyrolyse in the SSTF.  
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An analysis of the fuel nitrogen content against HCN yield for the foam materials produces 
mixed results. No trend is immediately visible for the PIR materials, and HCN was either not 
detected or was below the limit of quantification for the phenolic materials limiting the 
usefulness of their data. This suggests that there is not a linear relationship between fuel 
nitrogen and HCN yield. It also suggests that the increased HCN yields of PIR foams is not just a 
result of their increased nitrogen content, but also a product of the state of the organic 
nitrogen in the polymer. It is possible that the isocyanurate ring, integral to the structure of PIR 
foams, favours fragmentation into HCN. This would also explain why flexible and rigid PUR 
materials do not produce equally high HCN yields to PIR foams, despite in some cases having 
similar nitrogen content57.  
Calculating the % of fuel nitrogen recovered as HCN does provide a useful metric for 
estimating the yield of HCN from PIR foam based on its nitrogen content (Table 14). On 
average, 10% ± 1.5% of fuel nitrogen is recovered as HCN in under-ventilated conditions. This 
value could act as a useful diagnostic checkpoint for estimating the yield of HCN from burning 
PIR foam if the nitrogen content is known. This does not, however, translate to well-ventilated 
conditions as smoothly with 2.5% ± 1.0% of fuel nitrogen recovered as HCN. This increased 
variance in well-ventilated conditions is possible due to the interfering effects of chlorine in 
radical reactions. Or possible due to the differences in the decomposition of PIR foams in well-
ventilated vs. under-ventilated conditions.   
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Sample ISO Fire Condition HCN Yield g/g Fuel Nitrogen 
Recovered as HCN % 
PIR1 2 0.001 0.79 
 3a 0.015 10.41 
 3b 0.015 10.37 
PIR2 2 0.004 2.70 
 3a 0.016 10.51 
 3b 0.017 11.41 
PIR3 2 0.003 1.81 
 3a 0.011 7.52 
 3b 0.016 10.77 
PIR4 2 0.003 1.83 
 3a 0.016 11.20 
 3b 0.020 14.49 
PIR5 2 0.004 2.66 
 3a 0.017 11.19 
 3b 0.014 9.43 
PIR6 2 0.004 2.72 
 3a 0.014 9.73 
 3b 0.014 9.39 
PIR7 2 0.006 4.50 
 3a 0.010 7.83 
 3b 0.015 11.09 
Average PIR 2 0.004 2.43 
 3a 0.014 9.77 
 3b 0.016 10.99 
 
Table 14 HCN yields and fuel nitrogen recovery for specific fire conditions in the SSTF 
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Quantification of the NOx products from the burning insulation materials resulted in low but 
detectable yields of NO for many of the samples tested, but no NO2 was detected for any of 
the samples. The NO yields were low for all materials tested, with slightly higher yields for the 
PIR samples compared to the phenolic foams (probably due to their increased nitrogen 
content) and none detected for the mineral wool samples. The lack of NO2 detected suggests 
that either no detectable amount was produced, or that deionised water and HPIC analysis is 
not a sufficient sampling method for the measurement of NOx products. It is possible that 
electrochemical sensors or targeted wet chemical trapping methods could be more effective.  
The HCl yields of the foams showed significant variance between samples and could be an 
indicator of the chlorine content in the samples (Figure 25). In well-ventilated conditions, the 
PIR foams all produced quantifiable amounts of HCl, which sharply decreased in under-
ventilated conditions. This could be explained by the increased smoke generated during 
incomplete combustion, allowing HCl to adsorb onto the particles and on cold spots in the 
mixing chamber itself. The yields of HCl from the phenolic foams did not follow the same 
trend. Their yields were generally lower but did increase in under-ventilated conditions. This 
indicates a lower fire retardant loading in the phenolic foams, compared with the PIR foams 
which are generally known to contain increased fire retardant loading.  
 
 
Figure 25 HCl Yield against equivalence ratio for burning insulation materials in the SSTF 
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Phosphate measured from the effluent has been presented as the yield of H3PO4. Measured 
phosphate from the burning insulation materials supports earlier assertions of the presence of 
chlorinated organophosphate flame retardants in the foam samples, excluding PF1 (that did 
not contain any phosphorous); although no clear correlation between phosphate yield and 
ventilation condition is evident. In order to assess the toxic contribution of organophosphate 
flame retardants and organo-phosphorus fragments (which would theoretically increase in 
yield in under-ventilated conditions due to incomplete combustion), more specific targeted 
analysis needs to be developed, as it does not currently exist for fire samples.  
Overall, the results of the SSTF testing produced useful data for further fire toxicity assessment 
using FED analysis. The foam samples produced high yields of CO in under-ventilated 
conditions, with the PIR foams producing high yields of HCN. Additional acid gases were 
detected from the burning foams, particularly HCl which was highest from the PIR samples. 
The mineral wool samples did not produce significant quantities of any of the target analytes 
due to their low combustible content.  
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3.4.2 FED Analysis 
As described earlier in the introduction, a fractional effective dose (FED) calculates the 
contributions of individual toxicants and their total contribution to an end point 
(incapacitation or death). In the following sections, the FEDs have been calculated to show the 
contribution of 1 kg of sample burning in a 50 m3 enclosure. An FED of 1 indicates that there 
are sufficient toxic gases present, for the given exposure time, to incapacitate or kill 
(depending on the calculation used) 50% of the exposed population.  
The FEDs calculated provide a relative comparison of the toxicity of the burning samples and of 
the individual contribution of individual toxicants to that toxicity. As the concentrations used 
are directly from the SSTF, they do not replicate a realistic scenario of exposure, i.e. a person 
would not be directly inhaling undiluted effluent at a steady concentration, and instead the 
concentration (and dose) would increase over time. While this is the case, the values have 
been left unadjusted, and the scenario is assuming that the person has become trapped in a 
compartment in which 1 kg of sample material has burned in a specific fire condition and the 
effluent has dispersed evening throughout the space. This serves to provide a simple model 
scenario for assessing and comparing the fire toxicity of the insulation materials tested.  
ISO 13571 – Incapacitation: 
ISO 13571 is used to estimate compromised tenability, i.e. incapacitation, by exposure to fire. 
A situation in which a person is incapacitated will result in their death as they continue to 
inhale asphyxiant gases such as CO and HCN, unless they are rescued. The model separates the 
contributions of asphyxiants, irritants, smoke, and heat. The FEDs calculated for the asphyxiant 
gases are presented in Figure 26. When the fractional effective concentrations (FEC) of the 
irritant gases are added to the data (Figure 27), their contribution is shown to be clearly 
negligible compared to that of the asphyxiant gases. At the time of writing, ISO 13571 is 
currently being updated and is under development as ISO/CD 13571-1103. 
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Figure 26 ISO 13571 FED calculations for incapacitation by toxic effluent 
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Figure 27 ISO 13571 calculations for incapacitation including the FEC values for NO and HCl
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The PIR foam samples show high FEDs that increase significantly from well-ventilated to under-
ventilated conditions, in correlation with their toxic product yields. The contribution to this 
high toxicity is primarily the result of HCN, which dominates the FED due to its high toxicity and 
leads to HCN alone being able to reach an FED greater than 1 in almost every case. The 
contribution of CO, while lower than that of HCN, is still significant. In several cases, such as 
PIR4, PIR5 and PIR7, the contribution of CO to FED is almost equal to or higher than 1. In 
combination, the toxicity of CO and HCN suggest that PIR foams burning in under-ventilated 
conditions could readily produce an incapacitating atmosphere in a 50 m3 enclosure.  
Unlike the PIR foams, the HCN production of the phenolic foams was insignificant in terms of 
toxicity. Their toxicity is primarily the result of their CO production, with the FED contribution 
from CO reaching close to FED = 1 for several samples.  Unsurprisingly, the mineral wool 
materials had low FED values in all conditions due to their low non-combustible content and 
limited production of CO and HCN.  
  
95 
 
ISO 13344 – Lethality: 
The ISO 13344 Purser model calculates the FED based on lethality as its endpoint, instead of 
incapacitation. The calculation assumes a 30-minute exposure to the effluent with the same 
mass and volume described previously (1 kg in 50 m-3). Unlike ISO 13571, which separates FED 
and FEC, the ISO 1344 Purser model includes irritants and asphyxiants together when 
calculating the total contribution to lethality. The ISO 13344 Purser model differs further in 
that the contribution of CO2 is accounted for in both CO2 driven hyperventilation and an 
acidosis factor. Oxygen depletion is also factored into the calculation. The relative contribution 
of each toxicant is simplified, not containing an exponent functions, and is calculated using the 
concentration of the toxicant over its 30 minute LC50 value.  
The results are proportional to those of ISO 13571 but the maximum FED values are lower 
(Figure 28). The contribution of HCN still makes up the majority of the PIR toxicity, but CO has 
a higher weighting.  The contribution of HCN is higher for the phenolic samples compared to 
ISO 13571, pushing their calculated FED values above 1 in fire condition 3a. The toxicity of the 
mineral wool samples remains proportionally low due to their low toxic product yields. The 
contribution of NO is notable for the PIR samples, despite the yields being relatively low. The 
contribution of NO to fire toxicity is questionable, and likely overestimated, as discussed in 
section 1.2.3. The contribution of HCl calculated is negligible despite relatively high yields for 
the PIR samples.  
The 13344 Purser model reemphasises the major contribution of HCN to PIR fire toxicity, 
despite not having an exponential function like in ISO 13571 to drive the FED to high values. It 
also shows that even without considering HCN, CO continues to be a major factor in the smoke 
toxicity of burning polymers because of the carbonaceous nature of the foam insulation 
materials. Meanwhile the mineral wool materials do not produce appreciable quantities of 
toxic smoke because they simply lack the combustible content to produce toxic gases in lethal 
quantities.  
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Figure 28 ISO 13344 FED calculated for lethal exposure to toxic effluent
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Material LC50 calculations: 
The use of material LC50 (m-LC50) and material-IC50 (m-IC50) normalises the toxicity of the 
burning material for a fixed mass in a given volume for a specific fire condition65,66. It is 
generally expressed in grams per cubic meter with lower values indicating higher fire toxicity 
for that specific material in that specific condition. The calculated m-LC50 and m-IC50 are 
presented in Table 15. Based on the uncertainty estimated in ISO 13344 and ISO 13571, the 
error associated with the m-LC50 and m-IC50 are ±30% and ±35% respectively.   
Ultimately, a comparison of the m-LC50 and m-IC50 values further emphasises the differences 
between the three types of materials tested in terms of their fire toxicity. On average the PIR 
foams produced effluent that was 2 to 3 times more toxic than the average phenolic foam, and 
20 to 30 times more toxic than the average of the mineral wool materials (Table 16). It also 
demonstrates that the mass of burning material (in under-ventilated conditions) needed to 
incapacitate a person after a 5 minute exposure, is not much different from the mass required 
to potentially kill a person after a 30 minute exposure. If the mass of foam burning is large 
enough to produce an incapacitating atmosphere then it is reasonable to assume that the 
person, once incapacitated, will likely die in around 30 minutes unless rescued.  
The contribution of acid gases to incapacitation or death appears to be insignificant compared 
to the high yields and subsequent high toxicity of the asphyxiant gases produced by the 
burning foams. However, this does not discredit the potential effects of acid gases in irritating 
smoke to compel people to turn away from their current escape route, or find a place of 
refuge while they await rescue. A person that is taking refuge during a fire is effectively 
incapacitated as they are not making their escape. This increases the time they are exposed to 
the lethal effects of the asphyxiant gases CO and HCN, increasing their risk of death unless 
rescued.  
While the foam samples required relatively low masses to produce a lethal or incapacitating 
atmosphere, the mineral wool samples would require large masses of sample to produce an 
incapacitating or lethal atmosphere in a given enclosure due to their high non-combustible 
content.  
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Sample ISO Fire Stage Material-IC50 /g m-3  
(5 minute exposure) 
Material-LC50 / g m-3  
(30 minute exposure) 
PIR1 2 46 31 
 3a 10 6 
 3b 11 7 
PIR2 2 26 16 
 3a 10 6 
 3b 9 5 
PIR3 2 35 23 
 3a 13 8 
 3b 10 6 
PIR4 2 43 26 
 3a 10 6 
 3b 9 5 
PIR5 2 32 21 
 3a 11 6 
 3b 9 5 
PIR6 2 27 19 
 3a 12 7 
 3b 12 8 
PIR7 2 21 13 
 3a 16 9 
 3b 9 5 
PF1 2 62 44 
 3a 24 15 
 3b 33 23 
PF2 2 62 46 
 3a 22 14 
 3b 22 17 
PF3 2 57 44 
 3a 23 15 
 3b 27 21 
PF4 2 58 43 
 3a 21 12 
 3b 28 16 
SW1 2 212 129 
 3a 384 233 
 3b 685 436 
SW2 2 371 207 
 3a 667 351 
 3b 1479 871 
GW1 2 188 111 
 3a 230 140 
 3b 650 423 
 
Table 15 Material-IC50 and material-LC50 for insulation materials burned in the SSTF 
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Sample ISO Fire Condition Average Material-
IC50 /g m-3  
(5 minute exposure) 
 Average Material-LC50  
/ g m-3  
(30 minute exposure) 
PIR 2 33 21 
 3a 12 7 
 3b 10 6 
PF 2 60 44 
 3a 23 14 
 3b 28 19 
MW 2 257 149 
 3a 427 242 
 3b 938 577 
  
Table 16 Average material IC50 and material LC50 values for insulation burned in the SSTF 
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3.5 Fire Toxicity Measurements from Standard Reaction to Fire Tests 
Despite the fact that fire toxicity kills the majority of people in fires, it is still probably the least 
researched area of fire science104. In recent years there has been an increased interest in fire 
toxicity, in part due to the tragic Grenfell Tower Fire. In 2017 the European Commission 
published a report evaluating the need to integrate testing for fire toxicity into EU 
regulations105. This has led to demand for a widespread fire toxicity test that would ideally be 
developed from an existing standard in order to minimise costs to integrate the testing. 
However, it is counter-productive to use a non-ventilation controlled test scenario to measure 
fire toxicity as it is an essential factor that influences the yields of toxic products.  
In order to contribute to this discussion, fire toxicity measurements were taken in the cone 
calorimeter and SBI test to represent a bench-scale and a large-scale test scenario respectively. 
The results of these tests were then compared to those of a dedicated fire toxicity test, the 
steady state tube furnace, to assess the viability of these tests for fire toxicity measurement.  
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3.5.1 Fire Toxicity in the Cone Calorimeter 
As described previously, insulation samples were tested in the cone calorimeter at 50 kW m-2. 
The cone calorimeter testing standard requires the measurement of CO and CO2 already, so 
additional sampling was performed for HCN. A probe was inserted into the cone calorimeters 
exhaust duct and the effluent from the exhaust was pumped at 1 L min-1 during the test into a 
Drechsel bottle containing 50 mL of 0.1 mol dm-3 NaOH (aq). The results of the testing are 
presented in Table 17. The yields presented in Table 17 are calculated over the complete 
duration of the test and include both flaming and non-flaming combustion.  
  
Sample CO2 Yield g/g CO Yield g/g HCN Yield g/g 
PIR1 1.971 0.110 0.002 
PIR2 2.486 0.113 0.004 
PIR3 2.056 0.127 0.004 
PIR4 2.075 0.119 0.005 
PIR5 1.857 0.060 0.004 
PIR6 1.957 0.083 0.003 
PIR7 2.151 0.088 0.004 
PF1 1.570 0.149 <0.001 
PF2 1.913 0.233 <0.001 
PF3 1.710 0.204 <0.001 
PF4 2.040 0.243 ND 
SW1 – NF 0.155 0.003 <0.001 
SW2 – NF 0.219 0.006 <0.001 
GW1 – NF 0.175 0.005 <0.001 
 
Table 17 CO2, CO and HCN yields in the cone calorimeter at 50 kW m-2 
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The cone calorimeter has been previously described as a well-ventilated scenario with 
quantitative data available in the literature to support that conclusion106. Despite this, the 
yields recorded in the cone calorimeter for the insulation materials tested give an inconsistent 
view of the ventilation conditions during the tests. The CO2 yields for the PIR samples are 
slightly decreased from what would be expected for well-ventilated burning. Additionally, the 
CO yields are elevated into the 0.2+ g/g range, which would indicate slight vitiation during the 
tests. The elevated CO yields could be explained by the presence of chlorinated 
organophosphates reducing the combustion efficiency of the fire by preventing oxidation of 
CO to CO2. However, the values are higher than would be expected from the action of fire 
retardants alone in a well-ventilated fire, which suggests a combination of slight under-
ventilation and the effects of the flame retardant additives.  The yields of HCN detected were 
comparable to that observed for PIR foams burning in well-ventilated conditions.  
The yields of toxic products from the phenolic foams in the cone calorimeter are unusual. The 
yields of CO for the phenolic foams are elevated to 0.150 to 0.250 g/g which would be strongly 
indicative of under-ventilated burning. However, the CO2 yields for these three materials are 
not as low as would be expected for under-ventilated burning, although they are slightly 
decreased. All four of the phenolic foam samples had near to 100% mass loss, which would 
suggest well-ventilated burning. Additionally, the HCN yields for the phenolic foams were all 
below the limit of quantification, and PF4 producing no detectable levels of HCN. 
The mineral wool samples produced low yields of all three gases analysed. The yields of CO2, 
however, were higher than expected. This is unusual as the mineral wool samples all have low 
carbon content that would limit the production of CO2. This could be explained by errors in the 
measurement of CO2. The low combustible content of the samples resulted in low 
concentrations of CO2 being detected over the duration of each 30 minute test and minor 
fluctuations in the CO2 detected could result in ‘noisy’ data that would affect the recorded 
yield.  
  
103 
 
The results of the cone calorimeter testing indicate a scenario with less complete combustion 
than well-ventilated flaming, but not reaching under-ventilated burning (e.g. ϕ = 1.2+). While 
the effect of flame retardants preventing complete combustion could provide a partial answer 
to explain these results, they do not completely explain why the literature generally reports 
the cone calorimeter as a well-ventilated scenario (ϕ  = 0.7). The results of sampling for HCN 
does, however, support a well-ventilated scenario as the yields observed for the PIR foams are 
concurrent with both literature and data generated as part of this work for HCN yields from 
burning PIR foams in well-ventilated conditions. These mixed results suggest that the cone 
calorimeter does not give a clear picture of the ventilation conditions in the test based purely 
on the yields of toxic products observed.   
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3.5.2 Fire Toxicity in the SBI Test 
Like to the cone calorimeter, the SBI standard requires CO and CO2 measurements, so 
additional sampling was performed for HCN. A probe was inserted into the main exhaust at the 
same point that the CO and CO2 measurements were taken. The effluent was pumped at 1 L 
min-1 into a series of Drechsel bottles containing 150 mL of 0.1 mol dm-3. Each Drechsel bottle 
was used for 5 minutes before switching to the next over the duration of the test apart from 
the first bottle that was pumped for 6 minutes. The SBI standard requires an air flow of 0.50 to 
0.65 m-3 s-1. For the testing carried out here, the averaged air flow was 0.60 m-3 s-1. This is 
arguably a large air flow which would result in a well-ventilated test scenario compared to the 
size of the burner and mass of available fuel.  
The high air flow required as part of the test standard created challenges for detecting the 
toxic gases produced. This is evident from the concentrations of gases measured, which were 
close to the limit of detection of the instruments and had low maximum recorded values 
(Table 18). This can be seen for all four of the samples tested, with none of the combustible 
foams reaching concentrations of CO2 higher than 0.5%. This is also clear from the maximum 
measured concentration of CO, although this is would be expected to be low in a well-
ventilated scenario.  
 
Product Test  Max CO2 
Concentration /% 
Max CO concentration 
/ppm  
PIR1 1 0.31 100 
2 0.30 74 
PIR3 1 0.38 82 
2 0.35 132 
SW1 1 0.21 0 
2 0.22 0 
PF1 1 0.40 289 
2 0.43 339 
Table 18 Maximum recorded concentrations of CO2 and CO in the SBI test 
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The yields of toxic gases quantified from the SBI testing provide a mixed impression of the 
ventilation conditions of the scenario (Table 19). The yields of CO2 for the combustible foam 
materials were all low. PIR1 and PF1 produced similar CO2 yields that would suggest partially 
under-ventilated combustion. PIR3s CO2 yield was low enough that it would suggest severely 
under-ventilated burning comparable to that of a fire burning in ISO fire condition 3a or 3b. 
This is opposed by the consistently low yields of CO which suggest that the conditions are, in 
fact, well-ventilated. The yields of CO for the two PIR foams, in particular, are lower than 
would be expected. The presence of flame retardants in the foam would increase the well-
ventilated CO yield higher than is observed here.  
The yields of CO2 and CO for the stone wool sample, SW1, were low as would be expected. CO 
was not detected during the testing of SW1 and HCN, while detected, was barely above the 
limit of detection.  
The unusual opposition between the CO2 and CO yields observed for the combustible foams 
provides a confusing depiction of the ventilation conditions in the SBI test. In reality, the high 
dilution of the effluent in combination with the low mass of the combustible foam samples 
(particularly the PIR foams) results in low concentrations of measured gases and subsequently 
low yields which appear to be inherent to the test scenario.  
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Sample Test Starting Mass 
/kg 
Mass Loss 
/% 
CO2 Yield 
g/g 
CO Yield 
g/g 
HCN 
Yield g/g 
PIR1 1 3.84 5.70 1.009 0.016 < 0.001 
 2 3.85 4.30 1.003 0.009 < 0.001 
PIR3 1 7.97 6.50 0.560 0.007 < 0.001 
 2 7.95 7.00 0.572 0.012 < 0.001 
SW1 1 – NF 31.51 0.90 0.103 0.000 < 0.001 
 2 – NF 31.61 0.90 0.110 0.000 < 0.001 
PF1 1 4.51 19.60 1.051 0.025 < 0.001 
 2 5.53 33.20 0.857 0.033 < 0.001 
 
Table 19 Mass loss and toxic product yields in the SBI test 
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3.5.3 Comparison with a Dedicated Fire Toxicity Test – the SSTF 
The yields of toxic products quantified in the cone calorimeter and the SBI test do not appear 
to give a clear picture of the ventilation conditions of the tests. As the SSTF has a clearly 
defined fire condition in each test, and the cone calorimeter and SBI do not, a quantifiable 
metric is required to be able to compare the test methods effectiveness for measuring fire 
toxicity. CO:CO2 ratio is a useful value for assessing the ventilation condition of a fire as it 
progresses. The CO:CO2 ratios of the materials tested are presented in Table 20. 
The CO:CO2 data from the tests gives a clearer view of the ventilation conditions in each 
scenario. In the SSTF in ISO fire stage 2, the ratio is less than 0.020 for all four of the samples. 
The PIR samples have a slightly higher value than PF1, but is still of a similar order. These ratios 
are similar for the PIR samples in the SBI apparatus, but PF1 had a slightly higher value, 
possibly due to the increased size of the fire. All fires that reach a certain size will begin to 
become ventilation limited due to the inability of oxygen to reach the flame. Nevertheless the 
ratio is still low even for PF1. SW1 has a ratio of zero in the SBI because no CO was detected.  
In the cone calorimeter, the CO:CO2 ratios were increased for all of the samples compared to 
the SBI and SSTF. PIR1 and PIR3 had increased ratios, as did SW1, while PF1 had a similar ratio 
to its result in the SBI test. The increase of ratio for the PIR samples could be explained by the 
char formation that is commonly observed for PIR samples. As the sample is exposed to the 
radiant heat from the cone heater it will rapidly char across its surface. This could reduce the 
ability of oxygen to reach pyrolysing fuel below the char layer.  
 CO/CO2 Ratio 
Fire Condition PIR1 PIR3 SW1 (NF) PF1 
SBI Test 1 0.016 0.012 0.000 0.024 
SBI Test 2 0.009 0.020 0.000 0.039 
Cone 50 kW m-2 0.056 0.062 0.019 0.094 
SSTF 2 0.012 0.017 0.010 0.009 
SSTF 3a 0.709 0.400 0.000 0.581 
SSTF 3b 0.338 0.523 0.000 0.304 
Table 20 Comparison of CO:CO2 ratio in the SBI, cone calorimeter and SSTF 
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Despite the slight increases in the cone calorimeter, the comparison of CO:CO2 ratio between 
the three test methods demonstrates that the flammability tests are well-ventilated scenarios. 
As a result of this, the cone calorimeter and SBI test do not come close to being able to 
replicate the most hazardous fire condition from a fire toxicity perspective – under-ventilated 
burning. To use such tests for fire toxicity assessment would be unfair as it would misrepresent 
the toxic hazard that a material presents in a fire. Furthermore, both tests progress through 
the various stages of a fire, which are their own defined fire stage and as such the yield of toxic 
products per gram of burning material will vary throughout the test. This makes it difficult to 
give specific yields, as they are clearly dependant on the fire condition. Therefore, a dedicated 
fire toxicity test would require a combination of steady state burning and ventilation 
controlled conditions to be an effective test method for assessing fire toxicity. The SSTF meets 
all of these criteria and the CACC also produces quasi-steady state conditions, but still has 
numerous design challenges to overcome as described previously.  
Overall, the desire to use a pre-existing test and modify it to measure for fire toxicity is not 
productive as reaction-to-fire tests, like the cone calorimeter and SBI test, do not produce 
suitable fire conditions. The reality of fire hazard assessment requires flammability testing to 
be well-ventilated in order to create the worst conditions for fire growth and flame spread. 
Fire toxicity assessment, on the other hand, requires clearly defined ventilation controlled 
conditions to recreate the most hazardous condition from a fire toxicity perspective – under-
ventilated flaming. A combination of flammability testing and fire toxicity assessment, with 
data generated in each areas dedicated testing apparatus will be more representative of 
material fire hazard than a catch all test derived from an existing test method. The ISO/TS 
19700 Steady State Tube Furnace is clearly a strong contender for best available fire toxicity 
test and should be considered for inclusion in all future fire testing, so as to include fire toxicity 
in fire hazard assessment.  
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3.6 Quantitative Assessment of the Fire Hazards of Insulation Materials 
In isolation, flammability and fire toxicity measurements do not give a complete assessment of 
the fire hazards presented by a specific material. Therefore, a methodology to combine these 
data in a simple way, which could contribute to the safety of people in buildings, is desirable. 
In 2016, Hull, Brein and Stec presented a methodology for estimating the ‘maximum safe 
loading’ of a material in m2 per 100 m-3. The method utilises estimates of mass loss per unit 
area based on Euroclass data (or derived from actual test data) combined with fire toxicity 
data generated in the SSTF to calculate the maximum safe loading for non-layered materials of 
consistent thickness107. The fire toxicity data generated in the SSTF was used to calculate a 
material-LC50 based on ISO 13344. This could then be used in combination with the materials 
mass loss per unit area to calculate a lethal volume of effluent. The final MSL value was then 
calculated using the lethal volume of effluent and a precautionary factor. The guidance 
outlined in ISO 13571 indicates that a factor of 10 would translate to only 1% of the population 
being estimated to be susceptible to the lethal effects of the effluent. This provides a buffer to 
minimise the risk to the exposed population, but for vulnerable populations, such as the 
elderly or movement impaired, larger factors may be necessary.  
In order to practically apply the methodology outlined by Hull, Brein and Stec, it was necessary 
to deviate from the method as described in the paper. The SBI test is a large-scale fire test 
which requires a high mass of sample and large space for the test itself. Due to the relatively 
high cost per test and limited access to an SBI apparatus, it was deemed impractical to use the 
SBI to generate the mass loss data. Taking these factors into consideration, the cone 
calorimeter was selected to generate the mass loss data. The cone calorimeter is a well-
established reaction-to-fire test, with acceptable repeatability and a relatively low cost per 
sample. Furthermore, the cone calorimeter allows for mass loss per unit area to be 
consistently measured by the load cell, unlike the SBI test which would require the operator to 
measure the burn area and depth, potentially increasing error in the measurements. During 
the cone calorimeter testing programme carried out as part of this work, all 14 of the 
insulation samples tested were cut to a consistent thickness (25 mm). This would further 
improve consistency and comparison between the materials tested. Whereas in the SBI, the 
samples would be tested at the thickness appropriate to their end use, which would differ 
between the materials selected.  
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The material-LC50 values used in these calculations can be found in Table 15 and the mass loss 
per unit area values can be found in Table 12. The area required to produce a lethal volume of 
toxic effluent per m-3 can be calculated using Equation 6. The MSL of a material for a specific 
fire condition can then be calculated using Equation 7.  
 
𝑉𝐿𝐶50 =  
𝑀𝐿
𝑚𝐿𝐶50
 
Where: 
VLc50 is the area of material that will produce a lethal atmosphere per cubic meter in m2 m-3 
ML is mass loss per unit area in g m-2  
mLC50 is the material-LC50 as described in section 3.4.2 
 
Equation 6 Lethal volume of effluent from a burning material in a specific fire condition 
 
𝑀𝑆𝐿 =  
100
𝑉𝐿𝐶50 × 10
 
Where: 
MSL is the maximum safe loading of the material for a specific fire condition in m2 per 100 m3 
Equation 7 Maximum safe loading of a material in a specific fire condition 
 
The MSL values calculated for the samples tested as part of this work are presented in Table 
21, with a factor of 10 used to minimise the risk to those exposed. Regardless of the factor 
chosen (e.g. 3x or 10x or any other value) the relative scale between the results will still be the 
same.  
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Sample Mass Loss 
/g m-2 
ISO Fire Stage 2 ISO Fire Stage 3a ISO Fire Stage 3b 
mLC50 /g 
m-3 
Lethal 
Volume 
 /m2 m-3 
Maximum Safe 
Loading /m2 per 
100 m3 
mLC50 
/g m-3 
Lethal 
Volume  
/ m2 m-3 
Maximum Safe 
Loading /m2 per 
100 m3 
mLC50 /g 
m-3 
Lethal 
Volume  
/ m2 m-3 
Maximum Safe 
Loading /m2 per 
100 m3 
PIR1 520 30.77 16.90 0.59 5.70 91.22 0.11 6.65 78.15 0.13 
PIR2 646 16.49 39.18 0.26 5.77 112.05 0.09 5.11 126.39 0.08 
PIR3 675 23.31 28.96 0.35 7.73 87.38 0.11 5.98 112.93 0.09 
PIR4 603 26.35 22.88 0.44 5.99 100.58 0.10 5.14 117.31 0.09 
PIR5 446 21.04 21.20 0.47 6.28 71.04 0.14 5.30 84.19 0.12 
PIR6 853 18.52 46.06 0.22 6.95 122.75 0.08 7.75 110.01 0.09 
PIR7 520 13.29 39.14 0.26 9.14 56.89 0.18 5.24 99.19 0.10 
PF1 535 43.71 12.24 0.82 14.85 36.02 0.28 22.58 23.69 0.42 
PF2 786 45.57 17.25 0.58 14.01 56.09 0.18 17.01 46.21 0.22 
PF3 867 43.94 19.73 0.51 14.55 59.59 0.17 20.99 41.31 0.24 
PF4 950 43.02 22.08 0.45 12.47 76.16 0.13 15.98 59.44 0.17 
SW1 286 128.85 2.22 4.51 233.28 1.23 8.16 436.48 0.66 15.26 
SW2 320 206.91 1.55 6.47 351.32 0.91 10.98 871.26 0.37 27.23 
GW1 100 110.71 0.90 11.07 139.85 0.71 14.00 423.30 0.24 42.33 
Table 21 Maximum safe loading values for insulation materials based on cone calorimeter and SSTF data
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Both the PIR and phenolic groups of samples showed similarly low MSL values. The PIR 
samples showed less variation due to their high fire toxicity, even with broader differences in 
mass loss. The phenolic samples, however, had a much higher variation in MSL, with PF1 
having a MSL almost twice as high as PF4. The mineral wool samples showed significantly 
higher MSL values compared to the foams owing to their combination of low combustibility 
and low fire toxicity. One observation from the data collected is that the samples with the 
highest flammability or fire toxicity are not necessarily the most hazardous overall. For 
example, in fire condition 3a, PIR6 had the third lowest fire toxicity but its notably high mass 
loss results in it having the lowest MSL (and highest potential fire hazard). This example 
highlights the need to combine reaction-to-fire data with fire toxicity data. 
When compared to the estimated values presented in the original paper outlining the 
methodology, the calculated values in Table 21 are of a similar order. The estimated mass loss 
values are also of similar order. However, the mLC50 values are somewhat higher. Due to the 
identities of the insulation in the paper being withheld, it is difficult to more precisely compare 
these results barring for the mineral-wool samples, which fit well with the estimated results 
for ‘insulation 1’ and ‘insulation 2’. Nevertheless, one could reasonably predict that insulation 
4, 5, 6 and 7 were all combustible foam products due to the comparable MSL values. 
The use of material-LC50 as the basis for the toxicity contribution to the calculations is arguably 
not as effective for improving the safety of building occupants. As described previously, 
incapacitation is a more effective end point for fire toxicity assessment, as a person that is 
incapacitated is unable to escape from the fire situation and will die due to asphyxiant gases 
unless rescued. Based on this consideration, the MSL values have been recalculated using 
material-IC50 (Table 22).  
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Sample Mass Loss /g 
m-2 
ISO Fire Stage 2 ISO Fire Stage 3a ISO Fire Stage 3b 
mIC50 /g 
m-3 
Lethal 
Volume  
/ m2 m-3 
Maximum Safe 
Loading /m2 per 
100 m3 
mIC50 /g 
m-3 
Lethal 
Volume  
/ m2 m-3 
Maximum Safe 
Loading /m2 per 
100 m3 
mIC50 /g m-3 Lethal 
Volume 
 / m2 m-3 
Maximum Safe 
Loading /m2 per 
100 m3 
PIR1 520 46.10 11.28 0.89 9.76 53.27 0.19 10.82 48.08 0.21 
PIR2 646 25.62 25.21 0.40 9.84 65.64 0.15 8.94 72.27 0.14 
PIR3 675 35.13 19.21 0.52 13.09 51.55 0.19 10.11 66.79 0.15 
PIR4 603 42.68 14.13 0.71 10.33 58.40 0.17 8.52 70.81 0.14 
PIR5 446 31.90 13.98 0.72 11.30 39.48 0.25 8.85 50.38 0.20 
PIR6 853 27.19 31.37 0.32 12.42 68.69 0.15 12.09 70.55 0.14 
PIR7 520 20.73 25.08 0.40 16.23 32.03 0.31 9.09 57.19 0.17 
PF1 535 61.76 8.66 1.15 24.30 22.01 0.45 33.45 15.99 0.63 
PF2 786 62.32 12.61 0.79 21.64 36.33 0.28 22.39 35.11 0.28 
PF3 867 56.93 15.23 0.66 23.11 37.51 0.27 27.39 31.65 0.32 
PF4 950 57.88 16.41 0.61 21.22 44.76 0.22 27.50 34.54 0.29 
SW1 286 211.90 1.35 7.41 383.95 0.74 13.42 684.59 0.42 23.94 
SW2 320 371.20 0.86 11.60 666.62 0.48 20.83 1479.08 0.22 46.22 
GW1 100 187.74 0.53 18.77 229.50 0.44 22.95 649.93 0.15 64.99 
 
Table 22 Maximum safe loading values calculated using incapacitation as the endpoint for fire toxicity assessment
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The results are interesting as although incapacitation occurs at a lower concentration than 
lethality, the incapacitation based MSL values are ~35% higher on average. This would suggest 
that a higher loading is safer when in reality that would obviously not be the case. The increase 
in safe loading is the result of the mIC50 values being calculated for a 5 minute exposure to the 
effluent, rather than a 30 minute exposure for the mLC50 values. While this limits the 
comparison of the two possible options, it still ultimately comes down to the decision of which 
fire toxicity end point is chosen. A strong argument exists for using incapacitation as the end 
point and opens up further possibilities for the MSL methodology. By using ISO 13571 to 
calculate the fire toxicity, it is possible to adjust the amount of time for the exposure to match 
that of the required safe egress time (RSET). The calculated mIC50 for that time window could 
then be used to calculate a maximum safe loading of a material that, when burning, could not 
produce an incapacitating atmosphere before occupants are able to escape. This would 
increase the accuracy of the calculated maximum safe loading value. 
While the MSL methodology does present a simple method for estimating material loading, it 
has some obvious problems that arise from using such a simplified model. Firstly, the assumed 
burning behaviour is directly linked to the fire test (a cone heater) and as such represents well-
ventilated burning. In under-ventilated conditions, the mass loss will be lower. Based on this, 
the model will be combining well-ventilated mass loss with under-ventilated fire toxicity which 
represents a worst-case scenario in terms of overall fire hazard. However, it could be argued 
that because the objective of this method is to calculate the fire hazard and prevent loss of 
lives, being within safe limits is an appropriate goal. One solution to this concern would be to 
measure mass loss in a ventilation controlled reaction-to-fire test, such as the CACC. This 
would generate mass loss data for a specific fire condition, which could be paired with fire 
toxicity data of the appropriate fire condition. A glaring solution to this problem would be to 
use the SSTF for mass loss, as the mass loss values measured are specific to a defined 
ventilation condition. However, the samples in the SSTF are cut into 800mm strips, which will 
have a higher surface area to volume ratio that would significantly alter their burning 
behaviour compared to the real-life scenario of large insulation panels exposed to a flame or 
radiant heat. This renders the SSTF ineffective for providing mass loss data.  
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In a similar vein to the previous point, the heat flux selected in the cone calorimeter (50 kW 
m-2) is comparable to that of ISO fire stage 2 – well-ventilated flaming. In fully developed fires, 
the heat flux can exceed that value significantly. This will lead to differences in mass loss, 
particularly in highly vitiated conditions such as ISO fire stage 3b. The authors of the original 
methodology noted a similar issue with using data generated in the well-ventilated SBI test 
and its 30 kW burner. As was noted in section 3.5, the SBI test is not severe enough to produce 
significant mass loss in materials that are designed to perform well in that specific test 
scenario. Materials, such as PIR foams, which perform well in the SBI test, thanks to their char 
forming behaviour and foil outer facing, are still capable of burning and losing significant mass 
in real-life situations, as evidenced by a number of fires including the Grenfell Tower Fire. This 
further supports the use of an alternative method to generate mass loss data for burning 
materials that is to be used for calculating a maximum safe loading value.  
Despite these noted weaknesses, this method of calculating a maximum safe loading could 
allow building designers to quickly take into consideration the materials they are using in 
construction. An applied maximum safe loading limit of a specific material could potentially 
reduce the risk to occupants presented by the burning insulation in a fire. Furthermore it 
directly integrates fire toxicity, which causes the majority of deaths by fire in the UK, into fire 
risk assessments.  
The use of two bench-scale standard tests also supports the use of this methodology in fire 
hazard assessment as it makes the data straightforward to generate. The cone calorimeter is a 
widespread test method, and with the recent increased interest in fire toxicity, it seems 
reasonable to expect more widespread use of the SSTF. However, this does not exclude the 
need for larger scale fire testing, as it is necessary to understand the burning behaviour of 
materials that may not be represented in a test like the cone calorimeter (i.e. horizontal vs. 
vertical sample or radiant heat sources vs. direct flame application). Larger scale testing is also 
necessary to understand the fire behaviour of materials in the end-use state, such as 
rainscreen façades, that have more complicated arrangements of materials, joints and fittings.  
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Ultimately, the ability to condense a large amount of data into a workable and understandable 
output is essential when making fire safety accessible. Many individuals involved in building 
design are unlikely to be experts in fire science and would benefit from an accessible method 
when selecting materials, so that occupant safety is not compromised by a lack of specialised 
knowledge. The maximum safe loading methodology is not intended to replace rigorous fire 
safety assessment in construction, but is fully intended to support informed decision making in 
material selection.  
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Chapter 4 
4.0 Conclusions and Future Work 
As part of this work, 14 insulation materials (7 PIR, 4 phenolic, and 3 mineral wool) were 
analysed for their composition, flammability and fire toxicity. Clear differences were observed 
between the 3 types of sample. The foam insulation materials (PIR and phenolic) produced 
high quantities of toxic gases and burned readily in the cone calorimeter. In particular, the PIR 
samples had the highest fire toxicity due to the generation of HCN from nitrogen in the 
burning fuel. The primarily non-combustible mineral wool samples produced lower yields of 
toxic gases and also had very little mass loss, not igniting in any of the fire tests they were 
exposed to. This demonstrates that there are significant differences between the combustible 
products and non-combustible products both in terms of flammability and fire toxicity, 
indicating a disparity in the fire hazards they present.  
An assessment of both the cone calorimeter and the SBI apparatus for measuring fire toxicity 
has been carried out and both methods failed to replicate the high toxicity of under-ventilated 
flaming. The well-ventilated nature of these tests makes them unsuitable for fire toxicity, as 
the most dangerous fire condition is under-ventilated burning. This supports the use of the 
SSTF as a key method for measuring fire toxicity due to its ventilation controlled conditions 
and steady burning state. This allows for more consistent data to be generated, specific to the 
fire condition required.  
The maximum safe loading methodology has shown promise when practically applied to real 
data, but required some modification to in order to be used as part of this project. The cone 
calorimeter was selected to generate the mass loss data, as it is a bench-scale method that is 
well-established and has a relatively low cost per sample. The mass loss data generated in the 
cone calorimeter was paired with SSTF data, as it has been established to be a reliable and 
effective method for generating fire toxicity data in specific ventilation conditions. Further 
modifications to the original method were made by using material-IC50 values instead of 
material-LC50 values, as incapacitation is arguably a more important end point in fire toxicity 
assessment.  The methodology requires further development to account for the changes in 
mass loss in under-ventilated conditions. This would improve the accuracy of the method 
without overcomplicating what is intended to be a simple way of estimating the maximum safe 
loading of a material for given enclosure. Furthermore, the use of this methodology serves of a 
method to integrate fire toxicity into fire risk assessment, as it is lacking in current fire safety 
assessment.  
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The maximum safe loading values calculated further demonstrate the significant differences 
between the materials tested in each specific fire condition. The combination of high mass loss 
and high fire toxicity results in the foam insulation materials, particularly the PIR foams, having 
low MSL values indicating a high fire hazard. On the other hand, the mineral wool samples had 
much higher MSL values, showing their low overall fire hazard. The MSL values calculated for 
the foam insulation materials are so low that it may be impractical to achieve the desired level 
of insulation for an enclosure without exceeding a safe loading. The fire hazards presented by 
foam insulation materials, when their fire toxicity is included in the assessment, suggests that 
their fire hazard they present is excessively high when safer, non-combustible alternatives 
exist.   
In addition to the analysis of the fire hazards of insulation materials, work has been performed 
to optimise the quantification of arguably one of the most important toxic products of 
combustion – HCN. The chloramine-T/isonicotinic acid method for quantifying HCN from ISO 
19701 was assessed and then optimised to allow for improved repeatability and 
reproducibility. As the methods of quantification for the two most important toxicants (CO and 
HCN) are well established (NDIR) or have been optimised in this work (chloramine-
T/isonicotinic acid), the next logical step could be to invest future work into the development 
of methods for the quantification of other toxicants not covered in this thesis.  
Isocyanates are highly toxic and irritating, as well as having several long term consequences to 
human health, as discussed in section 1.2.3. They are produced during the decomposition of 
polyurethane based materials (including PIR foams). Isocyanates are highly reactive molecules 
that will interact with a large number of compounds found in fire effluent, making them 
difficult to sample and quantify. Several derivatisation compounds found in the literature have 
been successfully applied to quantify isocyanates56. The development of these methods for 
sampling fire effluent could provide a more detailed analysis of isocyanates in PIR fires, which 
is currently limited in the literature. In particular, the SSTF could provide useful data for early 
fire stages, where isocyanates are suspected to be at their highest yield. Furthermore, a 
ventilation controlled study of isocyanates in PU/PIR fires will contribute to the overall 
understanding of their fire toxicity.  
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Similarly to isocyanates, aldehydes (particularly formaldehyde and acrolein) are also highly 
irritating compounds, with potential long-term health consequences. However, unlike 
isocyanates, aldehydes are produced in fires from a wide variety of materials and thus are 
highly likely to be encountered in a fire. Their contribution to the fire toxicity of insulation 
materials is not well understood, but they are known to be generated from the decomposition 
of PIR and phenolic foams, as well as from the decomposition of phenolic binders in mineral 
wool materials. Again, the use of the SSTF would be essential in understanding their 
relationship with ventilation condition, which has not strongly established in the literature. 
This work would be beneficial as it would contribute to a more detailed understanding of 
organic irritants generated by decomposing insulation materials, which can have serious 
consequences to persons attempting to escape in a fire.  
Beyond continuing method development to improve toxicant sampling in fire effluent, this 
work has raised several interesting questions about the fate of fuel nitrogen in polyurethane 
fires. How much of the fuel nitrogen remains in the residue? How much was released as other 
nitrogen containing compounds (HCN, NO, NO2, isocyanates, amines, etc)? How much is 
released as N2? While not directly relevant to fire safety, these questions may be worth 
answering in order to further the development of new PIR based materials that do not have 
high yields of HCN in fires. This could be achieved by reducing the amount of fuel nitrogen that 
is converted to HCN by trapping it in the residue or by increasing the amount of fuel nitrogen 
released as N2.  
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The Grenfell Tower Fire has brought the risks of fires, and particularly the risks presented by 
insulation materials in fires, into the public eye. This work has demonstrated the significant 
differences between the different insulation materials commonly found in modern 
construction. It has also demonstrated that fire toxicity is a major threat to life presented by 
fire, yet is not required in fire hazard assessment in the UK. When accounting for fire toxicity 
and flammability, combustible insulation materials such as PIR and phenolic foams have a high 
fire hazard that needs to be acknowledged in risk assessments when they are incorporated 
into a structure. The application of a simple maximum safe loading model could support 
building designers in making informed decisions about material selection and loading, by 
incorporating material reaction-to-fire and fire toxicity into a single model. An accessible 
methodology could lead to safer building design and in turn contribute to preventing needless 
tragedies like the Grenfell Tower Fire from happening again.  
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Appendices 
Appendix A – Results of the EN 13823 SBI Testing 
The following test reports were generated as outputs of the EN 13823 SBI testing performed at 
the European Fire and Conductivity laboratory (EFiC) in Denmark. The experimental 
methodology used to generate this data can be found in section 2.0.5. Discussion of these 
results can be found in section 3.3.2 and 3.5.  
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European Fire & Conductivity lab.
Product: EFiC No. Test no. Operator Test Date: Print Date:
PIR1 16-012 1 KuE 29-08-2016 29-08-2016
Ambient Temp. (t=30-90) [°K] 293.9 RHRav,burner [KW] 32.6 FIGRA [W/s] 0.2 MJ 273
Ambient pressure. [Pa] 100806 RHRstd burner [KW] 0.617 FIGRA [W/s] 0.4 MJ 252
Humidity [%] 44.4 CO2/O2 Ratioburner 0.575 THR600 [MJ] * 4.7
RSPav,burner [m²/s] -0.001 Latheral f lame spread (LFS) reach the edge? No
K(t) 0.914 RSPstd burner [m²/s] 0.005 SMOGRA [m²/s²] 45
K(p) 1.080 Baseline Duct temp.(t=30-90) [°K] 295.0 TSP600 [m²] * 96
E [KJ/m³] 17200 Min. no. of accep. Thermocouples 3 Flaming droplets/particles (FDP) (f laming <= 10 s)? No
Duct Diameter: [m] 0.306 Minimum for f low  [m³/s] 0.588 Flaming droplets/particles (FDP) (f laming > 10 s)? No
Maximum for f low  [m³/s] 0.628
Start date for conditioning 22-08-2016 Burner response time [s] 9 Time to max Figra [s] * 39
End date for conditioning 29-08-2016 Weight before conditioning [Kg] 3.840 Tig (2*6KW) [s] * 21
Total conditioning time [h] 168 Weight after conditioning [Kg] 3.840 * After ignition of main burner
Baseline O2
a
 (t=30-90) [%] 20.713 Weight diff. in percent per day 0.00 Synchronisation information Baseline Last point
Baseline O2 (t=30-90) [%] 20.956 End data O2 (t=1680-1740) [%] 20.957 T-Duct (2.5 °K drop from baseline) 320.6 297
Baseline CO2 (t=30-90) [%] 0.037 End data CO2 (t=1680-1740) [%] 0.044 O2 (0.05% rise from baseline) 20.670 300
Baseline Light signal (t=30-90) 0.994 End data Light signal (t=1680-1740) 0.976 CO2 (0.02% drop from baseline) 0.2015 300
SBI Test (EN 13823)
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European Fire & Conductivity lab.
Product: EFiC No. Test no. Operator Test Date: Print Date:
PIR1 16-012 2 KuE 30-08-2016 30-08-2016
Ambient Temp. (t=30-90) [°K] 293.3 RHRav,burner [KW] 32.1 FIGRA [W/s] 0.2 MJ 332
Ambient pressure. [Pa] 101897 RHRstd burner [KW] 0.470 FIGRA [W/s] 0.4 MJ 279
Humidity [%] 41.1 CO2/O2 Ratioburner 0.564 THR600 [MJ] * 5.2
RSPav,burner [m²/s] 0.002 Latheral f lame spread (LFS) reach the edge? No
K(t) 0.914 RSPstd burner [m²/s] 0.004 SMOGRA [m²/s²] 40
K(p) 1.080 Baseline Duct temp.(t=30-90) [°K] 294.3 TSP600 [m²] * 88
E [KJ/m³] 17200 Min. no. of accep. Thermocouples 3 Flaming droplets/particles (FDP) (f laming <= 10 s)? No
Duct Diameter: [m] 0.306 Minimum for f low  [m³/s] 0.583 Flaming droplets/particles (FDP) (f laming > 10 s)? No
Maximum for f low  [m³/s] 0.621
Start date for conditioning 22-08-2016 Burner response time [s] 9 Time to max Figra [s] * 39
End date for conditioning 30-08-2016 Weight before conditioning [Kg] 3.845 Tig (2*6KW) [s] * 27
Total conditioning time [h] 168 Weight after conditioning [Kg] 3.845 * After ignition of main burner
Baseline O2
a
 (t=30-90) [%] 20.740 Weight diff. in percent per day 0.00 Synchronisation information Baseline Last point
Baseline O2 (t=30-90) [%] 20.953 End data O2 (t=1680-1740) [%] 20.950 T-Duct (2.5 °K drop from baseline) 319.2 300
Baseline CO2 (t=30-90) [%] 0.036 End data CO2 (t=1680-1740) [%] 0.040 O2 (0.05% rise from baseline) 20.672 300
Baseline Light signal (t=30-90) 0.993 End data Light signal (t=1680-1740) 0.978 CO2 (0.02% drop from baseline) 0.1937 300
SBI Test (EN 13823)
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European Fire & Conductivity lab.
Product: EFiC No. Test no. Operator Test Date: Print Date:
PIR3 16-012 1 KuE 30-08-2016 30-08-2016
Ambient Temp. (t=30-90) [°K] 293.9 RHRav,burner [KW] 32.2 FIGRA [W/s] 0.2 MJ 1241
Ambient pressure. [Pa] 101930 RHRstd burner [KW] 0.566 FIGRA [W/s] 0.4 MJ 1232
Humidity [%] 41.1 CO2/O2 Ratioburner 0.570 THR600 [MJ] * 7.7
RSPav,burner [m²/s] 0.006 Latheral f lame spread (LFS) reach the edge? No
K(t) 0.914 RSPstd burner [m²/s] 0.004 SMOGRA [m²/s²] 93
K(p) 1.080 Baseline Duct temp.(t=30-90) [°K] 295.2 TSP600 [m²] * 125
E [KJ/m³] 17200 Min. no. of accep. Thermocouples 3 Flaming droplets/particles (FDP) (f laming <= 10 s)? No
Duct Diameter: [m] 0.306 Minimum for f low  [m³/s] 0.556 Flaming droplets/particles (FDP) (f laming > 10 s)? No
Maximum for f low  [m³/s] 0.619
Start date for conditioning 20-07-2016 Burner response time [s] 9 Time to max Figra [s] * 24
End date for conditioning 30-08-2016 Weight before conditioning [Kg] 7.970 Tig (2*6KW) [s] * 15
Total conditioning time [h] 960 Weight after conditioning [Kg] 7.970 * After ignition of main burner
Baseline O2
a
 (t=30-90) [%] 20.719 Weight diff. in percent per day 0.00 Synchronisation information Baseline Last point
Baseline O2 (t=30-90) [%] 20.944 End data O2 (t=1680-1740) [%] 20.935 T-Duct (2.5 °K drop from baseline) 320.4 300
Baseline CO2 (t=30-90) [%] 0.033 End data CO2 (t=1680-1740) [%] 0.042 O2 (0.05% rise from baseline) 20.656 300
Baseline Light signal (t=30-90) 0.991 End data Light signal (t=1680-1740) 0.987 CO2 (0.02% drop from baseline) 0.1971 303
SBI Test (EN 13823)
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European Fire & Conductivity lab.
Product: EFiC No. Test no. Operator Test Date: Print Date:
PIR3 16-012 2 KuE 31-08-2016 31-08-2016
Ambient Temp. (t=30-90) [°K] 293.1 RHRav,burner [KW] 32.4 FIGRA [W/s] 0.2 MJ 1072
Ambient pressure. [Pa] 101882 RHRstd burner [KW] 0.760 FIGRA [W/s] 0.4 MJ 1054
Humidity [%] 49.3 CO2/O2 Ratioburner 0.569 THR600 [MJ] * 7.1
RSPav,burner [m²/s] 0.003 Latheral f lame spread (LFS) reach the edge? No
K(t) 0.914 RSPstd burner [m²/s] 0.004 SMOGRA [m²/s²] 67
K(p) 1.080 Baseline Duct temp.(t=30-90) [°K] 293.8 TSP600 [m²] * 111
E [KJ/m³] 17200 Min. no. of accep. Thermocouples 3 Flaming droplets/particles (FDP) (f laming <= 10 s)? No
Duct Diameter: [m] 0.306 Minimum for f low  [m³/s] 0.577 Flaming droplets/particles (FDP) (f laming > 10 s)? No
Maximum for f low  [m³/s] 0.625
Start date for conditioning 20-07-2016 Burner response time [s] 9 Time to max Figra [s] * 24
End date for conditioning 31-08-2016 Weight before conditioning [Kg] 7.950 Tig (2*6KW) [s] * 18
Total conditioning time [h] 984 Weight after conditioning [Kg] 7.950 * After ignition of main burner
Baseline O2
a
 (t=30-90) [%] 20.699 Weight diff. in percent per day 0.00 Synchronisation information Baseline Last point
Baseline O2 (t=30-90) [%] 20.946 End data O2 (t=1680-1740) [%] 20.938 T-Duct (2.5 °K drop from baseline) 318.9 300
Baseline CO2 (t=30-90) [%] 0.039 End data CO2 (t=1680-1740) [%] 0.042 O2 (0.05% rise from baseline) 20.658 300
Baseline Light signal (t=30-90) 0.991 End data Light signal (t=1680-1740) 0.982 CO2 (0.02% drop from baseline) 0.2031 303
SBI Test (EN 13823)
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European Fire & Conductivity lab.
Product: EFiC No. Test no. Operator Test Date: Print Date:
PF 16-012 1 KuE 29-08-2016 29-08-2016
Ambient Temp. (t=30-90) [°K] 294.4 RHRav,burner [KW] 32.3 FIGRA [W/s] 0.2 MJ 1551
Ambient pressure. [Pa] 100664 RHRstd burner [KW] 0.714 FIGRA [W/s] 0.4 MJ 1550
Humidity [%] 44.0 CO2/O2 Ratioburner 0.575 THR600 [MJ] * 8.2
RSPav,burner [m²/s] 0.017 Latheral f lame spread (LFS) reach the edge? No
K(t) 0.914 RSPstd burner [m²/s] 0.004 SMOGRA [m²/s²] 6
K(p) 1.080 Baseline Duct temp.(t=30-90) [°K] 294.7 TSP600 [m²] * 97
E [KJ/m³] 17200 Min. no. of accep. Thermocouples 3 Flaming droplets/particles (FDP) (f laming <= 10 s)? No
Duct Diameter: [m] 0.306 Minimum for f low  [m³/s] 0.573 Flaming droplets/particles (FDP) (f laming > 10 s)? No
Maximum for f low  [m³/s] 0.622
Start date for conditioning 22-08-2016 Burner response time [s] 12 Time to max Figra [s] * 21
End date for conditioning 29-08-2016 Weight before conditioning [Kg] 4.510 Tig (2*6KW) [s] * 15
Total conditioning time [h] 168 Weight after conditioning [Kg] 4.510 * After ignition of main burner
Baseline O2
a
 (t=30-90) [%] 20.718 Weight diff. in percent per day 0.00 Synchronisation information Baseline Last point
Baseline O2 (t=30-90) [%] 20.955 End data O2 (t=1680-1740) [%] 20.955 T-Duct (2.5 °K drop from baseline) 319.9 300
Baseline CO2 (t=30-90) [%] 0.031 End data CO2 (t=1680-1740) [%] 0.043 O2 (0.05% rise from baseline) 20.669 303
Baseline Light signal (t=30-90) 0.990 End data Light signal (t=1680-1740) 0.943 CO2 (0.02% drop from baseline) 0.1953 303
SBI Test (EN 13823)
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European Fire & Conductivity lab.
Product: EFiC No. Test no. Operator Test Date: Print Date:
PF 16-012 2 KuE 30-08-2016 30-08-2016
Ambient Temp. (t=30-90) [°K] 293.1 RHRav,burner [KW] 32.4 FIGRA [W/s] 0.2 MJ 1518
Ambient pressure. [Pa] 101821 RHRstd burner [KW] 0.613 FIGRA [W/s] 0.4 MJ 1518
Humidity [%] 43.2 CO2/O2 Ratioburner 0.557 THR600 [MJ] * 8.0
RSPav,burner [m²/s] 0.006 Latheral f lame spread (LFS) reach the edge? No
K(t) 0.914 RSPstd burner [m²/s] 0.004 SMOGRA [m²/s²] 5
K(p) 1.080 Baseline Duct temp.(t=30-90) [°K] 293.5 TSP600 [m²] * 66
E [KJ/m³] 17200 Min. no. of accep. Thermocouples 3 Flaming droplets/particles (FDP) (f laming <= 10 s)? No
Duct Diameter: [m] 0.306 Minimum for f low  [m³/s] 0.570 Flaming droplets/particles (FDP) (f laming > 10 s)? No
Maximum for f low  [m³/s] 0.632
Start date for conditioning 22-08-2016 Burner response time [s] 9 Time to max Figra [s] * 30
End date for conditioning 30-08-2016 Weight before conditioning [Kg] 3.845 Tig (2*6KW) [s] * 18
Total conditioning time [h] 168 Weight after conditioning [Kg] 3.845 * After ignition of main burner
Baseline O2
a
 (t=30-90) [%] 20.737 Weight diff. in percent per day 0.00 Synchronisation information Baseline Last point
Baseline O2 (t=30-90) [%] 20.950 End data O2 (t=1680-1740) [%] 20.946 T-Duct (2.5 °K drop from baseline) 318.6 300
Baseline CO2 (t=30-90) [%] 0.039 End data CO2 (t=1680-1740) [%] 0.046 O2 (0.05% rise from baseline) 20.667 300
Baseline Light signal (t=30-90) 0.991 End data Light signal (t=1680-1740) 0.944 CO2 (0.02% drop from baseline) 0.1965 303
SBI Test (EN 13823)
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European Fire & Conductivity lab.
Product: EFiC No. Test no. Operator Test Date: Print Date:
SW3 16-012 1 KuE 25-08-2016 25-08-2016
Ambient Temp. (t=30-90) [°K] 298.6 RHRav,burner [KW] 32.0 FIGRA [W/s] 0.2 MJ 0
Ambient pressure. [Pa] 101739 RHRstd burner [KW] 0.697 FIGRA [W/s] 0.4 MJ 0
Humidity [%] 48.7 CO2/O2 Ratioburner 0.559 THR600 [MJ] * 1.0
RSPav,burner [m²/s] 0.025 Latheral f lame spread (LFS) reach the edge? No
K(t) 0.914 RSPstd burner [m²/s] 0.003 SMOGRA [m²/s²] 0
K(p) 1.080 Baseline Duct temp.(t=30-90) [°K] 299.1 TSP600 [m²] * 15
E [KJ/m³] 17200 Min. no. of accep. Thermocouples 3 Flaming droplets/particles (FDP) (f laming <= 10 s)? No
Duct Diameter: [m] 0.306 Minimum for f low  [m³/s] 0.578 Flaming droplets/particles (FDP) (f laming > 10 s)? No
Maximum for f low  [m³/s] 0.620
Start date for conditioning 24-08-2016 Burner response time [s] 12 Time to max Figra [s] * Not actual
End date for conditioning 25-08-2016 Weight before conditioning [Kg] 21.010 Tig (2*6KW) [s] * Not reach
Total conditioning time [h] 24 Weight after conditioning [Kg] 21.010 * After ignition of main burner
Baseline O2
a
 (t=30-90) [%] 20.610 Weight diff. in percent per day 0.00 Synchronisation information Baseline Last point
Baseline O2 (t=30-90) [%] 20.947 End data O2 (t=1680-1740) [%] 20.939 T-Duct (2.5 °K drop from baseline) 324.1 300
Baseline CO2 (t=30-90) [%] 0.029 End data CO2 (t=1680-1740) [%] 0.034 O2 (0.05% rise from baseline) 20.665 300
Baseline Light signal (t=30-90) 0.991 End data Light signal (t=1680-1740) 0.975 CO2 (0.02% drop from baseline) 0.1864 303
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European Fire & Conductivity lab.
Product: EFiC No. Test no. Operator Test Date: Print Date:
SW3 16-012 2 KuE 26-08-2016 26-08-2016
Ambient Temp. (t=30-90) [°K] 297.2 RHRav,burner [KW] 32.1 FIGRA [W/s] 0.2 MJ 3
Ambient pressure. [Pa] 101020 RHRstd burner [KW] 0.467 FIGRA [W/s] 0.4 MJ 3
Humidity [%] 50.6 CO2/O2 Ratioburner 0.559 THR600 [MJ] * 1.0
RSPav,burner [m²/s] 0.034 Latheral f lame spread (LFS) reach the edge? No
K(t) 0.914 RSPstd burner [m²/s] 0.002 SMOGRA [m²/s²] 0
K(p) 1.080 Baseline Duct temp.(t=30-90) [°K] 297.4 TSP600 [m²] * 14
E [KJ/m³] 17200 Min. no. of accep. Thermocouples 3 Flaming droplets/particles (FDP) (f laming <= 10 s)? No
Duct Diameter: [m] 0.306 Minimum for f low  [m³/s] 0.578 Flaming droplets/particles (FDP) (f laming > 10 s)? No
Maximum for f low  [m³/s] 0.618
Start date for conditioning 24-08-2016 Burner response time [s] 9 Time to max Figra [s] * 987
End date for conditioning 26-08-2016 Weight before conditioning [Kg] 20.965 Tig (2*6KW) [s] * Not reach
Total conditioning time [h] 24 Weight after conditioning [Kg] 20.965 * After ignition of main burner
Baseline O2
a
 (t=30-90) [%] 20.633 Weight diff. in percent per day 0.00 Synchronisation information Baseline Last point
Baseline O2 (t=30-90) [%] 20.952 End data O2 (t=1680-1740) [%] 20.942 T-Duct (2.5 °K drop from baseline) 322.6 297
Baseline CO2 (t=30-90) [%] 0.040 End data CO2 (t=1680-1740) [%] 0.050 O2 (0.05% rise from baseline) 20.670 300
Baseline Light signal (t=30-90) 0.991 End data Light signal (t=1680-1740) 0.975 CO2 (0.02% drop from baseline) 0.1973 300
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Test condition Check points Results
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Appendix B – Results of the ISO/TS 19700 SSTF Testing 
The following results were generated in the ISO/TS 19700 Steady State Tube Furnace. The 
experimental methodology used to generate this data is found in section 2.0.3 and the results 
are discussed in section 3.4.1.  
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Sample Fire 
Stage 
Equivalence 
ratio / φ 
Mass Loss /% CO2 Yield g/g CO Yield g/g HCN Yield g/g HCl Yield g/g NO Yield g/g H3PO4 Yield g/g 
PIR1 2 0.68 ± 0.06 87.41 2.301 ± 0.040 0.029 ± 0.001 0.001 ± 0.0005 0.010 ± 0.0002 ND 0.002 ± 0.0002 
 3a 1.88 ± 0.07 66.07 0.433 ± 0.009 0.307 ± 0.006 0.015 ± 0.0010 0.006 ± 0.0008 0.002 ± 0.0002 0.001 ± 0.0004 
 3b 1.94 ± 0.10 68.09 0.585 ± 0.014 0.198 ± 0.005 0.015 ± 0.0021 0.002 ± 0.0003 0.001 ± 0.0001 ND 
PIR2 2 0.74 ± 0.07 94.69 2.481 ± 0.004 0.075 ± 0.001 0.004 ± 0.0016 0.009 ± 0.0002 <0.001 0.001 ± 0.0001 
 3a 1.87 ± 0.13 72.36 0.619 ± 0.013 0.214 ± 0.009 0.016 ± 0.0030 0.003 ± 0.0004 0.003 ± 0.0005 ND 
 3b 2.07 ± 0.06 68.37 0.511 ± 0.006 0.340 ± 0.002 0.017 ± 0.0027 0.001 ± 0.0001 0.002 ± 0.0003 ND 
PIR3 2 0.62 ± 0.09 88.31 2.252 ± 0.009 0.038 ± 0.001 0.003 ± 0.0005 0.014 ± 0.0018 <0.001 0.001 ± 0.0002 
 3a 1.70 ± 0.06 63.73 0.571 ± 0.008 0.226 ± 0.003 0.011 ± 0.0022 0.008 ± 0.0004 0.002 ± 0.0001 0.001 ± 0.0003 
 3b 1.70 ± 0.10 69.71 0.560 ± 0.007 0.293 ± 0.004 0.016 ± 0.0027 0.003 ± 0.0003 0.001 ± 0.0001 ND 
PIR4 2 0.58 ± 0.12 89.96 2.396 ± 0.136 0.025 ± 0.002 0.003 ± 0.0007 0.002 ± 0.0004 ND 0.001 ± 0.0006 
 3a 1.60 ± 0.11 67.02  0.564 ± 0.035 0.296 ± 0.005 0.016 ± 0.0026 <0.001 0.002 ± 0.0002 <0.001 
 3b 1.86 ± 0.36 67.55 0.524 ± 0.027 0.331 ± 0.031 0.020 ± 0.0040 <0.001 <0.001 <0.001 
PIR5 2 0.70 ± 0.02 92.02 2.376 ± 0.080 0.014 ± 0.007 0.004 ± 0.0001 0.013 ± 0.0004 ND <0.001 
 3a 1.82 ± 0.11 75.86 0.447 ± 0.013 0.340 ± 0.031 0.017 ± 0.0018 0.006 ± 0.0003 0.003 ± 0.0002 <0.001 
 3b 1.94 ± 0.44 74.42 0.520 ± 0.061 0.341 ± 0.085 0.014 ± 0.0033 0.007 ± 0.0016 0.001 ± 0.0002 <0.001 
PIR6 2 0.70 ± 0.04 94.35 2.375 ± 0.024 0.037 ± 0.014 0.004 ± 0.0002 0.019 ± 0.0011 ND 0.002 ± 0.0001 
 3a 1.73 ± 0.08 77.35 0.511 ± 0.056 0.331 ± 0.049 0.014 ± 0.0006 0.006 ± 0.0003 0.002 ± 0.0001 0.001 ± 0.0001 
 3b 1.98 ± 0.06 78.89 0.652 ± 0.007 0.249 ± 0.025 0.014 ± 0.0004 0.004 ± 0.0001 <0.001 <0.001 
PIR7 2 0.63 ± 0.03 95.32 2.077 ± 0.045 0.106 ± 0.028 0.006 ± 0.0003 0.008 ± 0.0004 ND <0.001 
 3a 1.69 ± 0.14 76.57 0.610 ± 0.04 0.217 ± 0.007 0.010 ± 0.0009 0.005 ± 0.0004 0.001 ± 0.0001 <0.001 
 3b 2.13 ± 0.12 78.91 0.554 ± 0.025 0.416 ± 0.048 0.015 ± 0.0008 0.003 ± 0.0002 0.002 ± 0.0001 <0.001 
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PF1 2 0.68 ± 0.03 94.74 2.569 ± 0.014 0.023 ± 0.001 <0.001 0.001 ± 0.0002 <0.001 ND 
 3a 1.60 ± 0.09 59.01 0.475 ± 0.006 0.276 ± 0.003 0.002 ± 0.0003 0.001 ± 0.0001 <0.001 ND 
 3b 1.65 ± 0.10 58.74 0.560 ± 0.026 0.170 ± 0.008 0.001 ± 0.0002 0.002 ± 0.0003 ND ND 
PF2 2 0.69 ± 0.02 97.46 2.509 ± 0.049 0.023 ± 0.007 ND 0.001 ± 0.0001 ND ND 
 3a 1.53 ± 0.03 72.68 0.495 ± 0.016 0.320 ± 0.003 0.001 ± 0.0001 0.002 ± 0.0001 <0.001 <0.001 
 3b 1.73 ± 0.01 72.34 0.630 ± 0.029 0.280 ± 0.033 <0.001 0.007 ± 0.0006 ND 0.003 ± 0.0002 
PF3 2 0.63 ± 0.09 98.1 2.094 ± 0.035 0.031 ± 0.007 <0.001 0.005 ± 0.0007 <0.001 <0.001 
 3a 1.66 ± 0.06 75.73 0.511 ± 0.019 0.282 ± 0.011 0.002 ± 0.0001 0.001 ± 0.0001 <0.001 <0.001 
 3b 1.60 ± 0.24 73.73 0.638 ± 0.058 0.229 ± 0.028 0.005 ± 0.0008 0.004 ± 0.0006 ND 0.002 ± 0.0008 
PF4 2 0.61 ± 0.09 95.68 2.529 ± 0.099 0.028 ± 0.022 ND <0.001 ND <0.001 
 3a 1.63 ± 0.10 66.14 0.473 ± 0.072 0.317 ± 0.006 <0.001 0.001 ND 0.001 ± 0.0003 
 3b 1.60 ± 0.14 63.59 0.562 ± 0.018 0.223 ± 0.014 <0.001 0.001 ± 0.0001 ND 0.003 ± 0.0001 
SW1 2 – NF N/a 4.98 0.100 ± 0.003 0.001 ± 0.001 <0.001 ND ND ND 
 3a – NF N/a 4.72 0.093 ± 0.007 <0.001 <0.001 ND ND ND 
 3b – NF N/a 4.99 0.086 ± 0.005 <0.001 <0.001 ND ND ND 
SW2 2 – NF N/a 1.77 0.027 ± 0.007 0.010 ± 0.002 <0.001 ND ND ND 
 3a – NF N/a 1.67  0.020 ± 0.006 0.009 ± 0.001 <0.001 ND ND ND 
 3b – NF N/a 1.64 0.051 ± 0.011 <0.001 ND ND ND ND 
GW1 2 – NF N/a 6.21 0.093 ± 0.018 0.018 ± 0.003 <0.001 ND ND ND 
 3a – NF N/a 8.63 0.144 ± 0.015 0.011 ± 0.001 <0.001 ND ND ND 
 3b – NF N/a 12.69 0.189 ± 0.024 <0.001 <0.001 ND ND ND 
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Appendix C – Publications  
The Fire Toxicity of Polyurethane Foams 
Published in Fire Science Reviews in 2016. Full citation: McKenna ST, Hull TR (2016) The Fire 
Toxicity of Polyurethane foams, Fire Science Reviews, 5(3).  
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